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FOREWORD

This report, Volume I, is the first of two volumes reporting work accom-
plished under Contract NASw-1067 initiated in August 196k.

The progrem determined what guidance and control technologies would require
or could profit from orbital testing, and defines experiments which fulfill
these requirements.

This volume summarizes the work performed on this program and describes
the procedure by which the experimental selection was accomplished. Volume II
of this report contains the descriptions of candidate experiments.

This program was conducted by personnel of the Space and Missile Electronic
Systems Department of McDonnell Aircraft Corporation. The chief contributors
were: R.P. Bennett, R.E. Butler, F.P. Hercules, E.H. Johnson, P.W. Jones, and

P. Seligsohn.

Acknowledgment is made of the assistance of the following during the
performance of this study: Prof. R. H. Cannon, Jr. and Dr. D. B. DeBra
of Stanford University; Mr. N. S. Johnson and Mr. W. R. Wehrend of the
NASA Ames Research Center under whose technical supervision the study

was performed.
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1. STUDY SUMMARY

1.1 Introduction - Since the inauguration of the U.S. space program early in
1958 with the successful injection of an Explorer satellite into orbit, advanced
guidance techniques have been successfully employed in various programs such as
Ranger and Mercury. At the present time, additional sophisticated guidance and
control techmniques are in various stages of design or flight test in NASA programs
such as 0G0, NIMBUS, OQAO, Surveyor, Gemini and Apollo as well as in several military
programs. As space operations become more complex, increasing demands are made on
guidance and control equipment and techniques for improved accuracy and reliability,
smaller size and weight, lower power consumption, and generally improved operational
and performance characteristics. 1In the past, these demands on guidance and control
have been met, in part, by drawing on the broad technological base established by
previous aircraft and ballistic missile develcpments. In addition, limited system
testing of advanced devices and concepts on early program flights and piggybacking
testing on a few operational flights has been done. However, because of the cost of
each space flight test, programs have placed heavy emphasis on the use of ground
testing and simulations to verify that the designed equipment will perform as
expected in the space environment.

The orbital flight results based on extensive ground tests have not always met
expectations, i.e., unanticipated problems and failures have occurred which either
compromised or terminated the mission in some cases. These problems and failures
have been attributed to design and procedure errors, overlooked phenomena, and limit-
ed knowledge of the space environment. Design and procedure errors may occur in any
program, hence the need for extensive ground test and initial flight tests to prove
the system operation. However, many of the overlooked phenomene simply did not show

up in ground tests because of limited testing capabilities. Phenomena such as zero-g,

space radiation, multiple space environments, induced enviromnment, earth signature



characteristics, and atmospheric attenuation effects are difficult if not impossible
to simulate. In addition, only limited knowledge is available on many of these phe-
nomena so that there is less confidence in ground test results.

As a result of previous orbital flight failures and the acknowledged limitations
of ground testing, there has developed a natural reluctance to use advanced equipment
which has not been evaluated by an orbital flight test when other proven equipment is
available. This reluctance may persist even when the advanced equipment demonstrates
superior performance in ground tests. If carried to the extreme, this situation
could effectively stifle advances in guidance and control technology with a resultant
toll on the overall space program. The present technological base has been adequate
to meet the demands, primarily because flight tests have been conducted on advanced
devices and concepts that were needed for each particular program. However, as the
need for improved performance increases, basic design data 1s required especially
on physical phenomens that exist only in the space environment. For example, the
designer of external sensors which operate against the earth or celestial bodies
requires a detailed definition of the target signature characteristics to design a
precision instrument. The precision instrument can then be subjected to both
ground and space tests. Similarly, internal sensors and controls such as low-g
accelerometers and gravity gradient devices may best be tested in orbit because
of the limitations of ground facilities in simulating the desired physical phenomena.

Although orbital testing has been done on a project basis as well as piggyback
basis, a special program has not been established for obtaining the desired informa-
tion and for testing devices that are needed for guidance and control technology
advances. The need for orbital tests is not so great that a crash program should be
initiated. However, an orderly, coordinated program would offer a number of signi-

ficant advantages.




Orbital test program advantages can be stated in terms of existing or planned major
space programs and the development of advanced guidance and control concepts.
Advantages for major programs include the economics of making the experiment test
objectives applicable to a large number of projects and of conducting tests on a
time scale which will permit re-design without effecting the schedule of large pro-
grams. If an orbital test program could reduce the number of demonstration launches
or eliminate some (or even one) flight failure in a large program such as Ranger,
it would have proven its usefulness. Regarding the development of advanced concepts,
an orbital test program would collect fundamental data on target characteristics
and background noise which is needed to design better flight sensors and ground
simlators. In addition, it would permit the evaluation of advanced equipment and
techniques early in the development stage. Such an evaluation would demonstrate
the potential usefulness or pinpoint the deficiencies. Development effort could
then be concentrated on promising concepts, thus assuring orderly progress in
guidance and control technology for future mission requirements.

Using the above background information as & framework, the present study re-
garding the need for specific experiments was undertaken. The objective of this
six month study program was to (a) select the types of spacecraft guidance, navi-
gation and control systems and components requiring test in an actual orbital
environment, (b) specify the experiments for such devices, and (c) determine the
feasibility of multiple experiments and the constraints imposed on and by feasible
satellite payload configurations and support systems. Early in the program it was
established that the study (a) should restrict itself to experiments that could be
performed prior to the 1970 time period, (b) should concentrate on experiments that
are independent of and not concerned with man's performance, (c) should consider

experiments that can be designed to provide technical design data where practical,



and (d) should endeavor to use the "piggyback" test bed approach in designing the
specific experiments.

The over-all study approach comprised the following steps. A master list of
candidate experiments was formulated based upon a broad literature search and an
extensive survey of the aerospace industry. Promising experiments were selected
from the master list based on criteria which encompassed important mission function-
al requirements, guidance and control state-of-the-art, and ground test capability.
In order to place priorities on the promising experiments and to reduce the number
of experiments to a manageable level, more rigorous selection and sorting criteria
were derived. In essence, the criteria considered urgency of test data in critical
areas, adequacy of ground tests, and cost of an adequately designed experiment.
Technical descriptions were written for the high priority experiments. These experi-
ments were then evaluated and a commonality analysis performed. This analysis sought
to combine individual experiments into logical groups to share common support equip-
ment and carrier vehicles in order to minimize costs and expedite experiment imple-
mentation.

The primary results of this study have been (a) delineation of a list of
recommended orbital experiments, (b) technical descriptions of the high priority
experiments, and (c) derivation and collection of data which may be used to select
the desirable approach for conducting the experiments. In addition, a development
schedule was provided for each experiment.

1.2 5Study Results - Early in the study, the need for an orbital test program

of guidance and control devices was supported by literature secarch, technical studies,
and surveys of the aerospace community. Additional strong support for such a program
was obtained by evaluating the adequacy of ground testing for verifying correct

equipment operation in the space environment. The ground test capability was
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considered to be a crucial factor in determining the need for specific orbital tests
and, for proper evaluation, the following questions were posed:

(1) what are the limitations in ground simulation?

(2) what are the effects of imperfectly simulating the desired phenomena?

Regarding question (1), ground testing was found to be limited or difficult for
simulations of zero-g, extremely low torques, fine pointing requirements and the
space radiation and multiple environmental effects. In addition, because of limited
knowledge and testing complexity, simulators are inadequate in duplicating earth
signature characteristics and atmospheric attenuation effects.

The second question can perhaps best be answered qualitatively by recalling a
few of the operating problems and failures which have occurred in previous orbital
flights and which were attributed, in part, to space envirommental conditions.

Space radiation effects damaged semiconductor devices in Explorer XIV and XV, TRAAC,
TRANSIT IV B and TELESTAR I and caused premature termination of the missions. The
Mercury flights experienced various multiple envirommental effects such as zero-g
and humidity causing an electrical short in an autopilot electronics connector,
temperature ranges and fluid behavior in zero-g causing heat transfer problems in
power inverters and the astronaut suit coolant loop, etc. In addition, cold cloud
effects caused errors in the Mercury horizon sensors. While these various factors
did not cause premature termination of manned missicns, they did cause operating
problems and astronaut discomfort and perhaps may have caused mission termination
had the astronaut not been present. Other well known incidents such as the Mariner
Canopus tracker problems and the NIMBUS power system bearing failure were attributed,
in part, to unenticipated environmental conditions. (Additional details of the
above operating problems may be found in Teble 2-1, Section 2 of this volume.)

Despite the above cited limitations, it was equally important to recognize the



advantages of ground simulation techniques and facilities in selecting experiments.
Obviously, experiments which could be performed satisfactorily in these facilities
did not satisfy the inherent intent of the over-all study.

Using the ground test capability as a guideline, candidate experiments for
orbital test were solicited from the aerospace industry. As a result of the indus-
try surveys, over fifty companies and agencies provided supporting data and candid-
ate experiments for orbital tests. Additional tests were suggested as a result of
literature search. The candidate experiment list encompassed uncertain or known
problem areas related to guidance, navigation, control and sensor devices or tech-
niques in which knowledge could be gained by acquiring orbital test data. Over 100
orbital experiments (tabulated in Section 3) were delineated as candidates for such
tests.

In order to intelligently select the most worthwhile experiments from the
master list, it was necessary to recognize important navigation, guidance and control
functional requirements for a wide family of space vehicles and missions. In eddi-
tion, the state-of-the-art of devices and techniques applicable to these functional
requirements was assessed. In essence, these functional requirement and technology
assessments considered present program and equipment status and extrapolated these
based on industry surveys, literature search and engineering judgment. For example,
earth local vertical-orbit plane vehicle control was considered a prime requirement
for many missions. For medium to synchronous altitude missions, completely passive
gravity gradient control technigues are presently being explored. These passive
techniques should also be evaluated for low altitude missions because of the poten-
tial for long life and decreased weight and power compared to active systems. The
passive techniques might then be used as the primary system or as a supplement to

extend the operating life of an active primary system. A second example is provided




by the requirement for precise earth local vertical sensing which mey be needed
either for vehicle control or for an autonomous navigation capability. At the pre-
sent time, the infrared horizon sensor is the most proven concept for sensing
vertical; however, the precision is limited by lack of definition of the earth's
horizon which limits the sensor accuracy. Orbital tests are needed to better de-
fine the earth-space gradient. In addition, since the earth horizon mey not be a
well behaved physical phenomena, alternate sensing methods such as gravity gradient
sensor techniques should be evalusted for the vertical sensing function. Additional
guidelines regarding guidance and control technology status relative to mission
functional requirements are tabulated in Section L.

From the considerations regarding ground test capabilities, mission functional
requirements, and state-of-the-art, thirty experiments were selected from the master
list which were considered to be within the scope of this study and to represent
the major needs for orbital test of guidance, navigation and control devices and
concepts. The remaining experiments from the candidate list were not evaluated
further primarily because, at this time, they were not considered as important as
those selected. A number of the experiments not selected might well become prime
tests depending on the evaluation and results of an orbital test program. Other
experiments were not selected because they were beyond the scope of this study,
have had extensive orbital testing, or orbital testing is planned.

The list of thirty experiments (Table 1-1) was subjected to the following
selection criteria to establish a primary and secondary classification. (Experiment
satisfies criterion if answer is yes.)

2. Are test results for the device or technique required in the near future?

b. Is orbital testing of the device required because of the inadequate simu-

lation of space environment or an unfavorable ground-simulation-to-orbital-

test cost ratio?



TABLE 1-1

SELECTED EXP ERIMENTS

EXPERIMENT ORBITAL TEST OBJECTIVE(S)
CATEGORY A
l. Electrostatic Gyro-+«cereerecr-- +-+++Determine drift and suspension system performance.
2. Low-G Accelerometer e«-sseernreceens Measure bias error or zero offset, scale factor and threshold.
3. Gravity Gradient Sensors--«eccecusces Evaluate performance and obtain design data.
4. Earth Horizon Definition «+cexeceve- +*Determine energy level and stability of horizon in IR and UV spectrum

5. Horizon Sensor Accuracy

6. Gas Bearing Performance +--ecevv-ce:

with particular emphasis on 14 — 16 micron [R energy band.

------------- Evaluate accuracy of a 14 ~ 16 micron IR sensor.

Determine performance of self-generating gas bearings.

7. Star Characteristics -eresveceoncerens Determine spectral energy and noise background of guide stars used
for_stellar navigation sy stems.

CATEGORY B

1. Gravity Gradient Controls — »eecetere Evaluate satellite 3-axis control performance and obtain design data

Passive Damping

using passive orientation and damping technique at low altitude

(300 n.m.).

2. lon Attitude Sensing +-ceseecreeraans Obtain design data and determine accuracy of ion sensing technique
for obtaining yaw information.

3. Gyrocomp assing ««sesssrvoneecsnesans Evaluate performance using an inertial quality gyro platform or strap-
down system.

4. High Reliability Horizon -+-cccvcvvens Evaluate performance of new design concept and low accuracy (1-5°)

Sensor horizon sensors.

5. Stor Recognitionsseeerveeenerens nnee Determine star field device capability for automatically identifying
guide stars.

6. Small Impulse Devices »rreerereceense Determine ignition characteristics and average impulse size.

7. Optical Windows and Mirrors -«e..v.0e Evaluate surface degradation caused by meteorite damage, radiation
deterioration, etc.

8. Bearings and Lubricants «ccvveecenens Evaluate high speed bearing life and lubricant feed in zero-g and
vacuum.

CATEGORY C

1. Planet-Moon Vertical Sensor «-++:---- Evaluate design concept and accuracy of a multi-function device by
sensing earth.

2. Gravity Gradient Controls —-<-c-ut0e. Evaluate active or semi-active demping of a gravity gradient oriented

Active Damping satellite at low altitude.
3. Automatic Landmark Tracking:««----- Collect target signature data on selected earth features, demonstrate
that passive optical tracker can acquire and track unknown landmarks
and evaluate tracking accuracy.
4. Microwave Radiometric Local-++---- »-Evaluate feasibility, obtain design data, ultimately determine accuracy.
Vertical Sensor

5. Cryogenic Gyro eeesvcecncserecenees Determine drift rate and evaluate system performance.

6. Temperature Rate Flight +eoceeeceeers Evaluate temperature rate control during re-entry of a high L/D vehicle.
Control System .

7. Densitometers s=oreneercerraosnconaes Evaluate use of laser, radic isctope, or X-ray densitometers to measure
air data parameters in a high L/D re-entry vehicle.

8. Rendezvous Sensors ~-rverecescacns +«Determine background noise effects and evaluate advanced sensing
techniques.

9. Fluid Systems: =« cecvevearinennncns ++Evaluate performance of fluid pumping techniques.

10. V/H Sensing «+++++- LA Evaluate tracking performance.

11, Control Logic +rcreeevessranearnanees Evaluate control performance and fuel usage rate.

12. Reaction Jets ««vveerreescraneiinennnd Demonstrate operation and performance

13. Extravehicular Control ««+ressseeeses Obtain design dataand evaluate operation of a tethered payload system.

14. Passive Control Techniques ++++«++- Obtain design data and evaluate performance of sensor magnetic and
aerodynamic control techniques.

15. Space Environmental Tests <+c-erv--- Verify adequacy of ground tests; demonstrate operation of devices sen-

sitive to zero-G, radiation or multiple environmental effects.




c. Can an orbital experiment be designed to yleld useful results?

d. Will experimental results help resolve a critical area?

e. Is the information either limited or not being obtained on another program?

f. 1Is the cost, complexity, and reliability of the experiment compatible with

the need for data?

Application of this selection criteria resulted in the placement of fifteen
experiments in the primary group and fifteen experiments in the secondary group.

The primary group was further sub-divided into Categories A and B by applying a
sorting criteria (See Section 4.3) and the secondary group was designated Category
C. The thirty selected experiments are listed in Table 1l-1 according to category;
however, no priority was given to experiments in each category. The experimentally
sought test data falls into five classifications; scientific, design, design verifi-
cation, proof and life testing. (The type of test data for the A and B experiments
is shown in Table 5-1, Section 5.) Either scientific or design data is obtained for
all but two of the experiments; Horizon Sensor Accuracy and Gyrocompassing are
design verification tests.

Technical descriptions were written for each of the Category A and B experi-
ments defining the desired orbit parameters, stabilization requirements, experiment
physical parameters, support equipment functional requirements, data handling
requirements, a flight test plan and a development plan. Table 1-2 summarizes the
most importent of these requirements. (Note the last column which identifies the
development "gating" item. The gating item is defined as being the limiting factor
in the overall experiment development, i.e., early attention to this item is required
to develop the experiment in the estimated time.) Section 5 contains a brief
summary description of the selected experiments.

Using the technical descriptions, the individual experiments were evaluated and

a8 commonality analysis performed for the purpose of considering possible approaches
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for implementing the experiments. It was found that a number of the experiments did
have common requirements and that multiple experiment payloads were feasible. 1In
evaluating multiple experiment payloads, grouping could be based on test duration,
orbit, orientation, and master attitude reference requirements. These requirements
were used in selecting experiments from Category A and B for the multiple experiment
paeyloads shown in Table 1-3. The stabilization and electrical power requirements
must also be considered carefully in evaluating how the experiment can best be im-
plemented. Finally, the mechanical interface, i.e., size, weight, mounting, field-
of-view, etc., between experiment and carrier vehicle is extremely important for most
of the sensor experiments which require large fields of view or control of the
carrier. Additional details on experiment commonelity and implementation may be
found in Section 6.

Since the selection of the test bed or payload carrier approach is a major
consideration in conducting an orbitel test program and in detailed experiment de-
sign, & preliminary evaluation of possible approaches for conducting experiments
was made. The approaches considered were to:

a. Perform single experiments on existing or planned vehicles on either a

non-interferenee or a priority basis.

b. Perform multiple experiments on a piggyback integrated payload launched

on a vehicle such as Saturn IB or V.

¢. Perform multiple experiments on an integrated payload launched by a special

vehicle such as a Thor-Delta.

The first two approaches are preferred, based on cost and earlier implementa-
tion. Because of the uncerteinty regarding available space and support on planned or

existing vehicles, the single experiment approach (a) could not be fully evaluated.
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TABLE 1-3

MULTIPLE EXPERIMENT GROUPS
GROUP |

Mission Constraints — One week duration; 110 n.m. altitude, near circular, 30° inclination
orbit; earth-orbit plane orientation.

Master Attitude Reference — Sun Sensors and Gyrocompass (30 1b., 1.0 h.3).

EXPERIMENTS (CATEGORY) LB. FT.3
Low-G Accelerometer (A) 36 1.2
Gas Bearing Performance (A) 23 0.3
lon Attitude Sensing (B) 24 0.4
Gyrocompassing (B) 21 0.5
Totals 104 2.4

GROUP 1!

Mission Constraints — One month duration; 300 n.m. altitude, near circular, near polar orbit;
earth-orbit plane and inertial-orbit plane orientation.

Master Attitude References — Gimballed Star Tracker, Sun Sensor, Horizon Sensor (60ib., 2.0 ft.3).

EXPERIMENTS (CATEGORY) | LB. [ FT.3
Electrostatic Gyro (A) 20 0.4
Low-G Accelerometer (A) 36 1.2
Horizon Sensor Accuracy (A) 54 0.7
Star Characteristics (A) 32 1.0
Gravity Gradient Controls 35 1.2
Passive Damping (B)
Star Recognition (B) 35 0.8
Gyrocompassing (B) 21 0.5
Totals 233 5.8

The last approach (c) may be desirable if a coordinated large scale orbital test
program, inciuding other technologies besides guidance and control, is undertaken.
With this approach many experiments can be performed simultaneously while sharing
many of the basic systems (i.e., master reference, time reference, data handling).
The second approach is a compromise between (a) and (c). It has an advantage
over approach (a) in that some of the basic experiment support systems such as the
master attitude reference can be shared by several experiments. In addition, the
cost per experiment is presumably less than the special vehicle approach assuming

the launch vehicle cost is not charged to the experimental program.
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Any piggyback approach has the problems associated with carrier vehicle integra-
tion and possible interference with the primary mission. Finally, the desired test
conditions (orbit parameters, etc.) are less likely to be achieved with a piggyback
than with a special vehicle.

1.3 Conclusions - Orbitel tests are required to properly evaluate certain
guidance, control and navigation devices and techniques. In addition, orbital
tests are needed to verify the adequacy of ground test simulation and to obtain
design data for improved ground simulators.

Present ground testing facilities are limited or inadequate for simulations of
earth signature characteristics, atmospheric attenuation effects, space radiation,
multiple environments, and zero-g. Although facility improvements are possible,
significent improvements are not foreseen until data is obtained from orbit on
earth signature and atmospheric effects. Radiation and multiple enviromment simu-
lations are expected to remain difficult because of the many variables involved
while no solution is anticipated for the problem of simulating long term zero-g.

The specific experiments recommended for orbital test were selected primarily
on the basis of technologicel need. However, test simplicity was a secondary goal
and, as a result, component rather than system oriented experiments were defined.
Each experiment was described assuming it was to be conducted in a piggyback
fashion without manned participation. Even with these assumptions, several methods
of conducting each orbital test were usually still practical. A single test method
was selected so that typical vehicle constraints could be defined. Where possible,
the test method was selected to achieve reasonable accuracy goals while using
state-of-the-art measurement instrumentation and keeping the experiment as simple as
possible. Many of the experiments are necessarily quite complex since they involve

external sensors for viewing the earth or celestial bodies. While this complexity
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may restrict the number of opportunities to conduct the tests in a piggyback fashion,
nevertheless if given priority status, a number of these experiments could be con-
ducted on programs such as CAO, A0SO, Nimbus and Apollo.

For each of the recommended experiments, however, alternate test methods might
serve to (1) establish less complex experiments that could more easily be conducted
piggyback or (2) obtain additional orbital data either of improved accuracy, on
other parameters or over a longer duration. While simple experiments are always
desirable from the viewpoint of implementation and cost, care must be exercised to
insure that the orbital results are not compromised to an extent where the test is
of little value. Certain experiments which involve complex equipment sequencing or
star tracking could be simplified by using a man for the sequencing and star identi-
fication functions. Additional simplification could be achieved by monitoring
fewer parameters or using less accurate measurement instrumentetion. However, the
latter simplifications usually imply test results of decreased value for the experi-
ments. Thus, as always, there is a compromise between test simplicity and data
interpretation.

As a result of evaluating the experiment technical descriptions, conducting
commonality analyses, and performing preliminary implementation studies, the follow-
ing were concluded:

8. Orbital tests can be designed for the fifteen A and B experiments.

However, experiments that involve the collection of design data often
require complex equipment and operating procedures. For example,

Gravity Gradient Sensor, Earth Horizon Definition, and Horizon Sensor
Accuracy tests require equipment and procedures similar to that required
for an autonomous navigation system test. This complexity resulted despite
the goal of maintaining simple test procedures by conducting component-

oriented rather than system-criented experiments.
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The experiments are sensor rather than controls oriented, i.e., only two
of the fifteen experiments involve vehicle controls. This result is
primarily attributed to the fact that additional data is needed on target
signatures, background noise, and environmental effects in order to design
improved sensors.

A master attitude measurement reference (star tracker, horizon sensor,
etc.) is required for ten of the fifteen experiments. A star tracker

is preferred for seven experiments.

Vehicle stabilization is required for the majority of the experiments to
permit proper sensor operation and to prevent undesirable coupling of
vehicle motion into the experimentsl data. Four experiments desire that
rates be 0.05 degrees per second or less with the Low-G Accelerometer
having the most stringent requirements. On two experiments stabilization
is not critical and nine experiments can be conducted with vehicle control
of + 0.1 degrees per sec and + 1 degree in rate and attitude respectively.
Although specific orbit parameters are preferred by the majority of the
experiments, all fifteen tests can be conducted in a 300 n.m. altitude,
near circular, near polar orbit. However, such an orbit is not optimum
for all the experiments. For example, the Earth Horizon Definition test
prefers the above eccentricity and inclination but prefers a 150 or 200
n.m. altitude.

No major problems are anticipated in meeting the data handling requirements
of single or multiple experiments. In the majority of experiments,
existing equipment and techniques will meet the orbital and ground require-
ments. Time correlation between the experiment data and vehicle house-

keeping data is required by eleven of the fifteen experiments. All but one
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experiment requires one percent or better accuracy and ten experiments
require orbital data storage.

Electrical power requirements represent a major consideration, especially
for long duration experiments. For example, a one month test of the
Electrostatic Gyro is estimated conservatively to require 6800 watt-hours.
However, if multiple experiments are conducted on & single payload,

many of the tests can be performed sequentially to minimize the peak
power requirements.

Man can make a significant contribution toward experiment simplification
by performing simple test set-ups and sequencing tasks such as target
recognition and acquisition for star trackers and horizon sensors,
equipment turn on and off, and re-programming phases of a test. 1In
addition, a manned vehicle offers the possibility of returning the test
date and part of the experiment equipment for detailed examination.
Category C contains many useful experiments but additional development
and study are required to design orbital tests. For example, Automatic
Landmark Tracking tests are needed but additional data on target charac-
teristics and work on sensor development are required. Similarly, aero-
dynamic and solar pressure passive control techniques are considered
important but are strongly dependent on vehicle design.

Potential problem areas in implementing the A and B experiments include;
(1) overall complexity for several Category A experiments including test
methods and vehicle stabilization requirements, (2) electrical power

requirements for long duration tests, and (3) vehicle mounting for field-

of-view or clearance requirements. Possible solutions to reduce complexity

involve defining alternate test procedures which may compromise the test

results or which may use man.




l.

Multiple experiment payloads are feasible when commonality groupings are
made according to orbit, orientation, time duration, and master attitude
reference requirements. Stabilization and electrical power considerations
also influence the groupings. In addition, experiment development time
and the test bed approach are important factors. Development time varies
between 12 - 17 months and 6 - 12 months for A and B experiments respect-

ively.

1.4 Recommendations - In view of the study conclusions that the Category A

and B experiments are desirable for orbital test, it is recommended that the majority

of these experiments be carried out. 1In order to implement these experiments,

additional quantitative data is required to define an orbital test program which

would advance the state-of-the-art in orbital guidance and control technology. The

following steps should be taken in order to rigorously define the best approach to

the testing program:

a.

A study should be implemented to select the test bed or carrier vehicle
approach to be used in an orbitel test program assuming the fifteen
Category A and B experiments (and possibly others) are to be conducted.
The carrier vehicle strongly influences the experiment test method and in
meny cases, further experiment definition is meaningless until a carrier
vehicle is selected. The single and multiple experiment piggyback approach-
es as well as the special vehicle approach should be evaluated. Strong
candidates for the piggyback approaches include Saturn IB and V, Apollo
and the Space Stations. Factors which should be considered include cost,
schedule, orbit, available space and available support systems. The study
should include an evaluation of the trade-offs in using man or manned
vehicles for experiment implementation as well as the means of achieving

the desired controlled environment. Study recommendations might result
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in a single approach or combinations of the above approaches being selected.
Preliminary data should be provided on carrier/experiment integration,

cost trade-offs, and possible single and multiple experiment packages.

Using the results of the carrier vehicle study, detailed experiment speci-
fications should be prepared for the majority of Category A and B experi-
ments using the technical descriptions prepared in the present study as a
baseline. The specifications should include technical descriptions and
test methods based on a detailed analysis of each experiment to be con-
ducted on the selected carrier vehicle. These specifications would be used
to obtain cost and delivery date and to recommend specific hardware for the
experiments. This data along with carrier vehicle data is then used to
conduct cost trade-off studies and to define a comprehensive development
plan.

Using the selected carrier vehicle approach and a selected experiment con-
figuration, a detailed error analysis for the experiment should be conduct-
ed., This analysis should be made both for the orbital approach and for an
approach using ground test data, so that a comparison can be made to evalu-
ate the probability of fulfilling mission requirements within the limits of
experiment cost.

Cost trade-off studies should be conducted considering the carrier vehicles,
experiments, and multiple experiment integration. The trade-offs should
explore the ability to relax experiment requirements to minimize cost

using the state-of-the-art of test hardware and should provide an indication
of when experiments should not be conducted because of ground test capabil-
ity. This study and the previous studies should provide data for defining
a comprehensive development plan which includes design, procurement, test,

integration, schedules and PERT diagrams.




The following two recommendations are intended to supplement the work performed

under this study as well as any succeeding program definition studies and to improve

the ground testing capability regarding navigation sensors.

8.

The orbital experiments should be updated periodically to accommodate
changes in technology requirements, new developments and advanced concepts,
and to incorporate the results of orbital tests. This action would mini-
mize duplication in orbital tests by incorporating the results of similar
experiments conducted or planned on other programs and would assure orderly
progress in space guidance and control state-of-the-art.

Ground simulator design studies should be initiated. These studies would
incorporate flight test data on earth signature characteristics to design
standardized simulators for the earth and atmosphere in selected spectral
bands. The intent of these studies and design effort is to provide the

capability of designing and testing improved sensors.
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2. GROUND TEST CAPABILITY

2.1 General - The inability to adequately simulate the space environment is
the primary factor in determining the need for orbital testing. The highest level
of confidence is established in a device, technique or concept by evaluating its
performance with actual environmental conditions. Several advantages are gained
when it is possible to adequately simulate the expected environments on the ground.
Ground tests offer flexibility in addition to the generally lower cost. The
goal of nearly all testing is to determine device performance characteristics,
not only when operating properly but also in failure modes. To this end,
ground testing readily permits the experimenter to: (a) change the test method
and environment if the results are not as expected; (b) visually examine the
device or provide additional instrumentation based upon the results obtained; and
(¢) change parameters of interest. Ground testing is limited by the lack of
knowledge of the environment and target characteristics (such as the earth as seen
by a horizon sensor) or the inability to provide adequate simulation (such as near
zero-g conditions for extended periods). Orbital testing should be limited to
those techniques and devices affected by environmental conditions which cannot be
adequately simulated in ground based facilities.

Space environments or environmental conditions which presently cannot be
adequately simulated include zero-g, earth and star signature characteristics,
earth atmospheric signal attenuation, and combinations of environments.

In assessing the ground test capabilities relative to these environmental
conditions, a fundamental question arises regarding the effects of not perfectly
simulating the desired conditions. While this question is extremely difficult to
answer quantitatively, insight can be gained by recalling some of the problems

encountered in previous orbital flights. Table 2-1 summarizes a few of the better
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TABLE 2-1

OPERATING PROBLEMS CAUSED BY SPACE ENVIRONMENT

ENVIRONMENTAL

CONDITION(S) PROGRAM [PROBLEM OR FAILURE EFFECT ON MISSION OPERATIONS
Earth Signature Mercury Cold clouds caused error | Caused error in alignment of attitude
in horizon sensor signal. | gyros and resulted in attitude control fuel
being used.
Unknown — Poss- | Nimbus Freeze in solar orienta- Power system failure caused premature
bly combined - tion drive system. shortening of operating life.
pressure temp,,
dust, etc.
Zero-g induced Mariner Solar reflection from in- Required modification of star tracker
particles duced particles caused operational procedure. Attitude control
loss of canopus track. fuel used in re-acquiring.
Radiation Explorer, [Semiconductors degraded | Solar cell and other semiconductor fail-
TRAAC, more rapidly than antici- | ures reduced operating life significantly.
TRANSIT, |pated.
TELESTAR
Zero-g, humidity Mercury Moisture accumulated on | Short in connector pins disabled a portion
electrical connectors, of autopilot electronics.
causing short.
Zero-g, dust Mercury Astronaut suit fan Astronaut discomfort.
clogged with dust.
Contaminants Mercury Reaction jets clogged. Excess fuel usage foreshortened at least
one unmanned mission.
Temperature, Mercury Heat transfer predicta- Power inverter failure due to overheating.
pressure, ability caused several Unpredicted behavior of fluids in Zero-g
Zero-g inverter and suit prob- and wide temperature dynamic range
lems. effected suit cooling loop and caused
astronaut discomfort.
Unknown — Ranger A variety of problems The first 6 flights were compromised to
Possibly such as roll gyro inopera- | some degree e.g., on Ranger I, Agena 2nd
combined tive, TV system failure, | burn did not occur probably because roll
etc. gyro was inoperative thus depleting atti-
tude control fuel. On flight VI, electrical
arcing during launch damaged TV system
which had been energized by false signal.
Unknown — 0GO 2 experiment booms did Horizon sensor view of earth obscured by
possibly not deploy properly on booms. As a result, OGO | could not be
combined OGO I.

earth oriented and it remains spin sta-

bilized at 5 RPM.
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known operating problems or failures which were attributed, in part, to environment-
al conditions. The table also shows qualitatively how the mission operations were
effected. (The data shown was abstracted from program summary reports and various
trade journals.) Additional problems of a similar nature have occurred because of
both limited knowledge and imperfect simulation testing. 1In cases where knowledge
is available but simulation is still difficult, the equipment or system designer
may minimize or circumvent the problem as has been the case for most of the problems
in Table 2-1. However, where equipment operation is critical to mission success,
test in the orbital enviromment is still required. For example, while the system
designer might prefer to use an edge tracking horizon sensor rather then a conical
scan unit in order to minimize the cold cloud problem, he would like to verify that
the edge tracker will perform as required before compromising an entire mission.

The following paragraphs discuss the actual space environment and the ground
simulation capabilities in terms of the vacuum, thermal, radiation, zero-g and
combined environments as well as target signature characteristics.

2.2 Vacuum - With increasing altitude from the earth, the pressure encountered
by an orbiting vehicle approaches the pressure of the solar system of approximately
10-16 mm Hg (torr) due to particle density.

Figure 2-1 is a plot of gas pressure as a function of the distance from the
earth's surface. In the figure, nominal pressure ranges and various physical and
electrical effects are indicated. A discussion of these regions is contained in
the following paragraphs.

a. A vacuum in the pressure range of 10 to 1071 torr is sufficient for

testing gross effects; i.e., structural effects and leaskage rate.

b. At about 10~3 torr aerodynamic damping becomes insignificant. Below

this pressure, systems such as directional antennas or optics could be
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excited to persistent vibration by impulses from reaction motors or other
drives (Reference 1).

Between lO'3 torr and 10_6 torr, convection becomes insignificant. This
directly affects the design of electrical equipment where heat loads must
be dissipated. Electrical corona discharge and arcing may also occur

in this pressure range.

Mass loss through evaporation and sublimation begins at a pressure of

1077 torr to 10-8 torr. The mass loss may be a cause of many problems
such as loss of lubrication, changes in surface properties and degradation

of equipment.
1

e. At pressures of 10-l torr and lower, many combined effects may occur.

Matter evaporating or sublimating from warmer areas of the satellite may
condense on colder areas. Condensation of organic materials on contacts
or metallic materials on insulators may produce electrical malfunctions

(Reference 1).

Space acts like a seemingly infinite sink for particles outgassed by a satel-

lite; that is, when gas molecules leave the satellite, they do not in general
return to it. In a simulation chamber the gas particles are likely to be re-
flected from the chamber walls and return to the satellite. This problem of
simulation is met by providing a cryogenically cooled surface on which to condense
the escaping molecules. The use of liquid helium or gaseous helium below 20%K as
the coolant will cause condensation of most of the gases from the system with the
exception of helium.

The pressures needed for most of the ranges previously discussed are readily
obtained today. For example, a 30 foot space chamber with no gas load and a cold-

plate shroud has an ultimate pressure of 1 x 10~2 torr after twenty-six hours of
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pumping. With a gas load of 17.1 torr lit/sec. of nitrogen (a gas load 2.5 times
the maximum alloweble cabin leakage of the Gemini spacecraft) the chamber pressure
reaches 1 x lO-h torr after three hours and has an ultimate pressure of 5 x lO'5
torr with liquid nitrogen cold shroud coolant. This chamber is pumped by a system
of three mechanicel pumps and seven 32 inch diffusion pumps. The liquid nitrogen
cooled shroud acts as a cryopump.

Pressures on the order of 107 torr to ].O'13 torr may be obtained in much
smaller chambers using super cooled liquid nitrogen and ion or titanium sublima-
tion pumps. These pressures can be used for testing lubricants exposed to space
and for evaluation of cold welding effects.

2.3 Thermal - Except for the sun, the average thermal radiation in space
has a power density approximately the same as a black body radiator at a tempera-
ture of 3°%K. Space has an unlimited apparent heat capacity. At the earth's
orbital distance from the sun, the incident power density due to solar radiation is
about 1400 watts/m® and a spectral distribution equivalent to a 6000°K black body
(Reference 2). Ninety-eight percent of the energy in the solar spectrum lies
between the wave lengths of 0.3 microns and 4.0 microns with 1 percent of the
energy lying beyond each of these limits (Reference 3). The power contributed by
solar x-rays will be less than 1 percent of the total solar power delivered at the
earth's orbit. Because of the distance from the earth to the sun, the solar radi-
ation that arrives at the earth is essentially in a parallel beam {collimated).

The electromagnetic radiation from a planet (or moon) to a satellite is the
resultant of reflected solar radiation or albedo and the planets self-radiation or
emission. The earth's albedo represents about 35 percent of the solar energy
impinging on the earth. Albedo for other planets and the moon range from 5.6 per-

cent to 93 percent (Reference 4). When a satellite is between the sun and a
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planet, it receives the full radiant power of the sun on one side and on the other
side receives the planetary albedo and emission. When the planet is between the
sun and the satellite, the side nearest the planet receives the thermal emission
from the planet while its other side radiates to the heat sink of space.

The characteristics of importance to be considered in the design of a solar
simuator are discussed below.

a. Collimation - The nominal beam collimation angle should be 2°. The
apparent size of the sun simulator should not vary by more than 0.25°
with position.

b. Intensity - The collimated beam flux density should be continuously
varisble from 5 watts/m® to 25 watts/m°.

c. Stability - The radiant flux density of the beam should not vary from
the set value by more than + 5 percent.

d. Uniformity - The radient flux density of the collimated beam should not
vary spatially in the test volume from the mean set value by more than 10
percent based on a one square inch sensor.

e. Spectrum - The spectral range of the radiant flux in the collimated beam
should be from 0.25 microns to 3.0 microns. The spectral deviations are
Jjudged by comparison to the Johnson zero air mass curve in 0.1 micron
intervals.

There are many types of solar simulators and the type used will depend upon
the type of testing desired. For testing a complete satellite, there are no
stringent conditions on the quality of the collimated beam but the size of the
beam is critical. For testing sensors or solar cells, the beam intensity and
spectrum is critical while the size of the beam is not. A compromise between size

and quality of the beam must be made to provide effective simulation.

27



The reflection of solar energy from a planet can usually be simulated to the
extent needed for thermal tests by using a reflecting surface of proper physical
dimensions and reflectivity in conjunction with a solar simulator. A major prob-
lem is the gimbaling system required to produce proper orientations between the
planet simulator and the spacecraft under test. The problems of planet thermal
simulation are in general procedural and do not involve technical feasibility.
Careful consideration must be given to the degree of solar and planet simulation
required with respect to the satellite intended mission. Technical ability
exists for adequate simuletion of most problems that arise. The different prob-
lems usually require different degrees and types of solar and planetary simulation.

The simulation of the nearly infinite space heat sink requires the use of
chamber cold walls or shrouds similar to those used in high vacuum chambers. The
effectiveness of the simulation is a function of the temperature and the cooling
capacity of the cold wall. If the cooling capacity of the cold wall shroud is
sufficient to carry the heat load of the satellite, the degree of simulation is
then a function of the temperature of the cold wall. Use of a temperature of
100°K rather than the 3°K background of space introduces an error of only 1%K in a
typical satellite steady state thermal test.

2.4t Radiation - Data from space probes indicate a complex flux of radiation
and particles surrounding and streaming toward the earth from the sun and
galactic space. Most of the types of radiation and the gross values have been
identified including the electrons and protons trapped in the earth's magnetosphere
(Van Allen Belts). The penetrating radiation which present satellites must endure
is composed largely of cosmic rays and the Van Allen radiation.

Cosmic rays consist of an isotropic flux of high energy particles. The energy

18 e

of these particles varies from under 107 electron volts (ev) to 10 v. The flux
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of particles with energy greater than 1018 ev is between 5 and 10 particles/ cm®-sec
(Reference 2). The particles are about 85 percent protons with the remaining

number being mostly alpha paerticles (2 protons and 2 peutrons) and 1 or 2 percent
of heavier nuclei (Reference 5).
The trapped radiation levels of Figure 2-2 are the true counting rates of an

Anton 302 Geiger tube carried by Explorer IV and Pioneer III (Reference 6). The

INTENSITY STRUCTURE OF TRAPPED RADIATION ARQUND THE EARTH
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information on these radiation belts is not complete. Table 2-2 and Table 2-3
present estimates of the radiation that an orbiting vehicle will encounter at
altitudes greater than 250 miles.

The energies of the least energetic cosmic rays (around 107 ev) and the
trapped radiation are producible in the laboratory for testing electrical compon-
ents and surface effects due to ionization; however, it is not feasible to simulate
the radiation portion of the space environment for testing a complete spacecraft.

Satellite systems and components are generally affected by the space radia-
tion through one or more of the following mechanisms:

a. Jonization or excitation of the molecules making up the material.

b. Dislocation of the crystalline structure by ion or electron impact.

c. Contamination of the material by implantation of the bombarding particles.
The effect which is most prevalent in damaging materials is ionization. Typical

levels of harmful effects are approximately 102 to 103 rads for man and lOlh to

1015 rads for aluminum metal structure.
Transistor and solar cell failures have occurred in satellite systems and

components much earlier than predicted, generally as a result of insufficient

TABLE 2-2
ESTIMATED OUTER ZONE RADIATION

MINIMUM FLUX
PARTICLE TYPE PARTICLE ENERGY (OMN1)
Electron 20 kev 1x 101 em=2 o0 -1
Electron 200 kev 1x 108 em=2 sec.”?
Electron 215 mev 108 cm=2 sec.”!
Proton 60mev 102 cm=2 sec.”!
Proton 30 mev 0
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TABLE 2-3
ESTIMATED INNER ZONE RADIATION

MINIMUM
PARTICLE TYPE PARTICLE ENERGY FLUX

Electron 20 kev 2 x ]09 cm_2 sec._] sfer_.I
(uni)

Electron 600 kev 107 em—2 sec._] s'rer_]
(uni)

Proton 40 mev 2 x 104 cm—2 sec._]
(omni)

knowledge of the true enviromment and insufficient state-of-the-ert simulation
equipment.

2.5 Zero Gravity - In the absence of drag forces, objects in free fall ex-
perience what may be termed as weightlessness, or zero-g. This facet of the space
environment poses many problems for the designer. For example, under zero-g condi-
tions the behavior of liquids is dominated by surface tension and viscosity instead
of weight. Under zero-g conditions, cooling by convection becomes ineffective.

The simulation of zero-g 1s very difficult. Some methods of obtaining a short
term zero-g environment are:

a. Drop chamber (2 to 5 seconds of free fall).

b. Aircraft in a ballistic trajectory (1 minute).

c. Rocket in a ballistic trajectory (10 minutes).

Limitations on these methods include short test time, complex instrumentation and
expense. Some design problems can be partially analyzed through use of suspension
and flotation techniques.

2.6 Other Environmental Factors - Additional environmental effects which must

be considered include dust particles, meteorites, combined environmental effects

and unknown quantities.
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A pertion of the space mass density is composed of interplanetary dust. This
dust tends to be concentrated in small "dust balls" with a density of about 1072
to 1l gmvcm3 (Reference 2). The average separation of these dust balls is about
300 miles in the earth's gravitational field. Because of the low density, degrada-
tion of optics, bearings and other mechanical devices is not expected to be
serious except over relatively long operating periods.

It has been calculated that the average collision velocity of meteoroids in
the vicinity of the earth is about 35 km/sec which corresponds to kinetic energy
of about lO6 joules/gm. With this velocity, a one gram meteoroid has enough energy
to vaporize 50 gms of aluminum. Although the number of meteoroids with a mass
sufficiently large to cause damage is very small, it appears probable that a satel-
lite of nominal size will encounter a significant number of meteoroids ranging in
mass from less than 10°3 gms up to 1 gm in a period of one year (Reference 2).
Statisticel predictions indicate a 1 mm satellite skin will be punctured sometime
between 10 hours and 220 days and that a 1 cm satellite skin would suffer puncture
sometime between 1 year and 550 years (Reference 5). Considerably more date on
meteoroid density and distribution is required to decrease the range of statistical
predictions. The Pegasus meteoroid detection satellite and other planned vehicles
should provide significant data to improve the statistical prediction.

The space environment consists of a combination of the individual environments
previously discussed as well as possibly unknown conditions. Simultaneous environ-
ment simulation in ground tests has been done to only a limited extent. Combined
vacuum and temperature, and combined vacuum, temperature and radiation tests have
been performed with mixed results. The effect of combined environments is of
major concern to the user and the hardware designer. There are many examples of

failures of equipment in orbit which are attributed to combined rather than
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individual environmental conditions. Open or partially open bearing surfaces are
susceptible to the entire environment, i.e., outgassing in vacuum, contemination
due to dust and particles, degradation of the lubricant due to radiation, and
deterioration due to temperature extremes. Electronic equipments are less suscep-
tible to combined orbital conditions than are the mechanical equipments with the
possible exception of batteries and fuel cells. Lack of sufficient instrumenta-
tion has limited the analysis of the combined space environment effects.

"Induced" environments such e&s paint particles, dust, lint, radiation, re-
action control system gases and loose parts in addition to the natural environment
are potential problem sources. Hardware design can compensate for the induced en-
vironments if they are anticipated. The Canopus star tracker on a recent Mariner
vehicle tracked dust or lint particles which originated from the vehicle. Design
allowances could have been incorporated to reduce the effects of the induced en-
vironment had it been fully anticipated. A suit fan blower on a Mercury vehicle
clogged due to the combination of zero-g and residual dust in the spacecraft cabin.
A filter over the fan was subsequently added to reduce the problem. More thorough
instrumentation of the satellite hardware would allow improved failure analysis
and determination of the unknown effects of combined environments.

2.7 Signature Characteristics - In addition to simulation of environments,

ground testing of guidance sensors requires target simulation. The earth or one of
the other planets is the target for horizon sensors. The stellar field is to be
simulated for star trackers and star mappers. Radar and laser systems require
simulation of the target and the surrounding space.

To properly simulate the earth or a planet for horizon sensors requires a de-
tailed kncwledge of the spectral characteristics of the plane-space gradient. In-

formation is needed on the distribution and occurrence of anomalies in the gradient.
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Likewise, simulation of the star fileld requires a detailed study of the stellar
field as viewed from orbit. Information is needed on the spectral characteristics
and magnitudes of the stars. Ground simulation has been unable to predict sensor
performance in orbit because of the unknown characteristics. For example, actual
horizon sensor performance in orbit has been as much as an order of magnitude
poorer than predicted by ground testing. Additional discussion of the signature
simulation problem is contained in Experiments on "Earth Horizon Definition" and

"Star Characteristics" in Section 2 of Volume II.
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3. CANDIDATE ORBITAL EXPERIMENTS

3.1 Summary - Candidate orbital experiments were determined by considering
which guidance, navigation and control devices and techniques would benefit from
the results obtainable from orbital tests. In order to make the candidate experi-
ments represent the needs of the aerospace commnity, a literature search was made,
McDonnell project and advanced design groups were surveyed and & survey was made of
aerospace contractors and agencies. Figure 3-1 contains a list of companies and
agencies who made a significant contribution to this study by suggesting experi-
ments and presenting ideas and data on the needs for orbital tests. As a result of
the surveys and literature search, a candidate experiment list was made which con-
tained over one hundred suggested orbital tests. The general ground rules used for
including a suggested experiment were:

a. Design or performance data is needed which can best be obtained in orbit;

b. Space environment cannot be adequately simulated by ground equipment; and

c. Proof testing and evaluation is important because of the potential use of

the device.

Summaries of candidate experiments in the areas of Vehicle Controls, Attitude
Reference Sensors, Navigation Sensors, Advance Concepts, Environment and Life
Tests, and Special Vehicles are given in Tables 3-1 through 3-10. For each area,
the summaries include the applicable flight testing that has been done or is
planned and the suggested additional orbital testing. Section 4 describes the
process by which experiments were selected from the candidate experiments.

3.2 Vehicle Controls - Active and passive attitude controls were considered

as part of this study. Translation controls are primarily concerned with propul-
sion devices and, as such, were not thoroughly investigated. Active devices are

those which adjust the vehicle momentum vector by expelling mass (e.g. reaction
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jets) or changing their own momentum vector (e.g. gyroscopic devices). Passive
devices function by interaction with the envirommental forces which exist at orbi-
tal attitudes. These are primarily the magnetic and gravity fields and solar rad-
iation pressure. Summaries of the experiments which involve active devices and
passive techniques are given in Tables 3-1 and 3-2. With the exception of small
impulse thrusters, active devices can be tested adequately on the ground. Passive
devices and small impulse thrusters require space testing because the one-g gravity
field encountered in ground tests masks the output force levels from these devices.

Control electronics and extravehicular control techniques are additional

areas of interest in the general category of controls. Active control systems
require electronics which, in most cases, are tailored to fit the vehicle. These
can be divided into fixed-gain and adaptive systems which are further subdivided
as follows:

Fixed-gain systems:

8. On-off systems using pulse type torquers (e.g., reaction jets) to con-
trol the vehicle to a limit cycle.

b. Purely analog systems using analog torquers (e.g., inertia wheels) to
control the vehicle to an absolute reference.

c. Combinations of these.

Adaptive systems:

a. Totally adaptive systems designed to compensate for all variables which
may be encountered by the vehicle in any phase of its operation, includ-
ing the long term orbital phase.

b. Specialized adaptive systems designed to be used during one or more

specific phases of operation, such as ascent or re-entry.
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TABLE 3-1

ACTIVE CONTROL DEVICES

FLIGHT TESTS

SUGGESTED

ITEM CONDUCTED ADDITIONAL REMARKS
OR PLANNED (P) ORBITAL TESTS
Cold Gas |Discoverer, o Life ® Ground tests and orbital tests already con-
Jets, Mono-| Mercury, Gemini, {® Standby ducted or planned are believed adequate
propellant | Nimbus, Explorer, ® One of these devices used on almost every
Jets, Apollo(P), etc. satellite flown to date
Hypergolic
Jets
lon Jet Project 661A ® lon beam neutralization ® Low disturbance-torque atmosphere required
SERT | ® On-off characteristics to test low thrust capability
® Long-term intermittent ® Project 661A provided only one 30 second
operations capability test run on an ion thruster
® Response time ® Some data can be obtained from ground tests
® Thrust level
Plasma None known ® On-off characteristics ® Orbital environment will provide both the
Jet ® L ong-term intermittent stable vacuum and low-disturbance torques
operations capability required to conduct a satisfactory functional
® Response time test
® Thrust level ® Some data can be obtained from ground tests
Detonation | None known ® On-off characteristics ® Orbital environment will provide low- dis-
Hypergolic ® Response time turbance torques for testing a low thrust
Jets, ® Single-pulse thrust level device and zero-g for mechanical proof
Solid ® Multiple pulse operation testing
Reaction ® Standby ® Most data can be obtained from ground tests
Jets

Sublimation
Jets,
Resistance

None known

® On-off characteristics
® Response time
® Thrust level

® Orbital environment will provide low-disturb-
ance torques for testing low-thrust devices
@ Some data can be obtained from ground tests

Jets ® Standby
Inertia Nimbus, OAO(P), | ® Standby @ Ground and orbital tests already conducted
Wheel 0GO ® Torque resolution or planned are believed adequate to verify

® Accuracy device design
Fluid None known ® Wobble damper for spinning | ® Ground testing will provide all but a final
Flywheel vehicle proof test of the device

® Pump reliability
Inertia None known ® Electrostatic suspension at | ® Potential usefullness of this device does
Sphere near zero-g not appear great at this time

® Development is progressing very slowly

Control Project 661A ® Ball bearing life ® Ground testing will provide all but a final
Gyro ® Gas bearing stability proof test of the device

® Standby ® Used in project 661A as ¢ momentum dump-

® Accuracy ing device to counteract ion jet thrust
Gyro Discoverer ® Ball bearing life ® Orbital tests already conducted are be-
Stabilizer ® Gas bearing stability lieved to be adequate

® Active damping for passive

control technique
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TABLE 3-2
PASSIVE CONTROL TECHNIQUES

FLIGHT TESTS

ITEM | CONDUCTED SUGGESTED ADDITIONAL REMARKS
OR PLANNED (P) ORBITAL TESTS
Gravity Discoverer, ® Evaluate strap-on boom and | ® This would complement ATS program but
Gradient | Transit, ATS(P),| damper at low altitude would evaluate system capability at low
TRAAC, 1963 altitudes
22A
Magnetic | Transit, 1B and |® Evaluate 3-axis control using|® At low altitudes large torques are avail-
Field 2A, 1963 22A, satellite-fixed current coils able with relatively low current
OAO(P) ® Momentum storage and dump-
ing techniques
Aero- X-=15 ® Very low altitude satellites |® Vehicle design is important
dynamic and vehicles re-entering at- |® Autopilot and air data sensors would be
Force mosphere could use surfaces | needed

and hinge movements for
vehicle control

Solar Mariner None ® Requires large movable, reflective sail and
Radiation momentum storage during eclipse

To date, most satellites operating in the orbital mode have employed fixed-gain
control systems. The totally adaptive system would optimize fuel consumption and
possibly provide more accurate operation. Specialized adaptive systems are being
used on launch vehicles during ascent and on the X-15 during all phases of its
flight. Paragraph 3.7 provides a brief discussion of sensors for adaptive control
of lifting re-entry vehicles.

Extravehicular control techniques may be used to maintain an astronaut's
attitude and stability when he is outside the vehicle or to control an external
sensor system. Simulation tests can provide some data, but the zero-g orbital
environment is required to fully test such devices prior to their employment.

Astronaut extravehicular activities are planned for Gemini and Apollo.
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TABLE 3-3

OPTICAL REFERENCE SENSORS

FLIGHT TESTS

SUGGESTED

ITE CONDUCTED DDITIONAL REMARKS

M lOR PLANNED (P) ORBITAL TESTS A

SunSensors, OGO, 0SO, ® Measure accuracy referenced | ® Ground tests considered satisfactory

Trackers |AOSO(P), Mariner | against a precision system | @ Tests have not been conducted in orbit
using a precision reference to establish in-
tlight accuracy

Horizon Agena, Discover- |® Evaluate accuracy ® Ground testing not sufficient due to lack of

Sensors er, OGO, @ Obtain precision measure- knowledge of atmospheric anomaly magni-

Mercury, Saturn, ments of earth IR & UV tude and extent
Gemini, Project characteristics ® Important space environmental effects in-
Scanner(P) ® Evaluate long term degrada- clude micrometecrites, radiation, UV, and
tion of unsealed bearings — vacuum
operating, interniittent opera-| ® Vehicle induced environmental effects in-
tion and long term storage clude outgasing, jet exhausts, and flaking
conditions @ Bearing life tests will verify test results
® Evaluate long term degrada- obtained in ground vacuum chambers
tion of optics, optical ma-
terials, detectors when ex-
posed to orbital environment
® Evaluate passive finishes
used for temperature control
¢ Evaluate bearing life
® Evaluate accuracy of IR alti-
meter application of Horizon
Sensor
Star Surveyor(P), @ Evaluate accuracy ® OAOQ will provide data satisfactory for ac-
Tracker OAOQ(P), ® Evaluate long term degrada- curacy evaluation and limited data
Mariner tion of unsealed bearings — | @ Bearing life test will verify results ob-
operating, intermittent opera-| tained in ground vacuum chambers
tion and long term storage @ Same environmental effects as noted under
conditions Horizen Sensors
® Evaluate bearing life
® Evaluate long term degrada-
tion of optics, optical mater-
ials, detectors, etc., when ex-
posed to orbital environment
Star Project Scanner |® Determine performance char- | ® Evaluation of stellar background illumina-
Mappers acteristics attitude and rate tion, star intensity, etc.
measurements ® Star characteristics obtained on the ground
® Determine characteristics of are extrapolated to subtract atmosphere
navigation stars attenuation effects (approximate)
@ Evaluate star recognition
techniques

Moon Apollo(P), ® Evaluate accuracy ® Present knowledge of moon characteristics

Trackers  [Surveyor (P) considered sufficient to design a moon
simulator for ground evaluation

® Flight would be a proof-test
Planet Mariner ® Evaluate accuracy ® Present knowledge of Mars and Venus con-
Tracker ® Measure IR and UV charac-

teristics of the planets from
a relatively short range with

precision instrumentation

sidered satisfactory for long range sensor —
more knowledge needed for short range (less
than 3 planet radii) evaluation




3.3 Attitude Reference Sensors - Attitude reference sensors provide a mea-

sure of the space vehicle attitude variation or rate about a reference set of
axes. Optical sensors use the ultraviolet, visual or infrared characteristics

of bodies (such as the moon, sun, earth, planets, or stars) to establish a measure
of the vehicle attitude relative to the sensed body. Inertial sensors provide a
measure of vehicle attitude and rates through use of gyroscopic action. The use
of reference body natural forces such as the magnetic field, gravity field or

ion distribution provides other techniques for attitude reference,

A wide range of devices and techniques with a broad spectrum of performance
parameters have been used in sub~orbital and orbital missions. Performance has
not always met expectations due to unanticipated variables or inability to com-
pletely evaluate performance of the devices in ground tests prior to flight.

Optical sensors have been used extensively in orbiting vehicles to provide a
long term earth or stellar reference. An indication of the sensor types, the ap~-
plications, and suggested orbital tests is shown in Table 3-3. Short term iner-
tial attitude reference is generally provided by two degree-of-freedom attitude
gyros or rate integrating gyros. Life and drift rate are considered as the limit-
ing parameters in the use of gyros in space vehicles. Commonly used inertial
sensors, their application and suggested orbital tests are shown in Table 3-k.

Several attitude reference techniques have been proposed which are unique in
their application of unusual phenomena. These are summarized in Table 3-5. The
advanced concepts discussed in a subsequent section also have attitude reference
applications.

3.4 Navigation Sensors - Candidate experiments include both optical and

microwave sensors which may be used in orbit determination and rendezvous func-

tions. Suggested experiments and reasons for orbital testing of specific sensor
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TABLE 3-4

INERTIAL REFERENCE SENSORS

FLIGHT TESTS

ITEM | CONDUCTED SUGGESTED ADDITIONAL REMARKS
OR PLANNED (P) ORBITAL TESTS
Floated Agena, Ranger, ® Drift rate stability ® Perform tests with intermittent and con-
Rate- Gemini, Apollo ® General performance and life | tinuous operation, also with and without
Integrating | (P), etc. ® Gas bearing stability temperature control
Gyro ® Gyrocompass with 3-gyro ® All orbital tests presently planned and con-
strapped configuration ducted involve only ball bearing gyros
® Gas bearing gyros have flown in ballistic
missiles
Rate Gyro | Mercury, Gemini, |® Low amplitude characteris- | ® Performance is expected to improve in the
OAO(P), others tics low g environment
® Resolution under near zero-g
® Gyrocompass with 3-gyro
strapped configuration
Two- Mercury, ® Gyrocompass performance of | ® Mercury performed yaw alignment using this
Degree-of | Ballistic non-floated, ball bearing gyrocompass configuration but contained no
Freedom | missiles gyro reference for evaluating performance
Gyro ® Drift rate performance of ® Ground tests indicate improved drift per-
case-rotating, gas spin- formance using a case-rotating gyro at re-
bearing gyro duced wheel spin speed
Gimballed | Ballistic ® Attitude reference for navi- | ® Platforms flown to date are part of an
Platform | missiles, gation system test inertial guidance system
Gemini, Apolio ® Gyrocompass performance ® Suggested tests would remove accelerome-
(P), LEM(P) ters from inner element

® Gyrocompass test could be a 1-, 2-, 3- or 4-
gimballed unit

types are included in Tables 3-6 and 3-7 for optical and microwave sensor respec-

tively.

Infrared devices are included in the optical sensor summary of Table 3-6.

In general, precision navigation sensors require or need orbital testing because

of the uncertainties regarding atmospheric and background noise effects.

The optical and inertial attitude reference sensors discussed in Paragraph

3.3 as well as the advanced concepts, Paragraph 3.5, are also useful as navigation
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TABLE 3-5
OTHER ATTITUDE REFERENCE SENSORS

FLIGHT TESTS SUGGESTED

ITEM CONDUCTED ADDITIONAL REMARKS
OR PLANNED (P) ORBITAL TESTS

lon Gemini(P), ® Determine accuracy in ion| ® Aerobee experiments were not designed to
Sensing Aerobee sensing technique for ob- sense field direction
taining yow information

Magne- Gemini(P), ® Determine feasibility and | ® Realistic simulation of magnetic field in-
tometer Pioneer, accuracy of magnetometer tensity of orbit not possible on earth’s
Explorer, attitude control system surface
Aerobee, ® Magnetometer tests to date have been pri-
Vanguard, marily for field measurement and not for
Biosatellite(P) attitude control

® Sputnik 1l reportedly employed magne-
tometer control

V/H Sensor | Airplanes ® Proof test at orbital alti- | ® Meaningfui data can be obtained using high
(Velocity/ tudes and velocities altitude aircraft
Height)

aids. For example, the horizon sensor or star tracker (summarizes in Table 3-3)
is directly applicable either as a navigation sensor or as an alignment reference
for a gyro stabilized, gimballed platform (see Table 3-4). The gyro stabilized,

gimballed platform can serve as a coordinate system for resolving navigation

measurements such as the direction of earth geocenter, range and angles to a known

earth landmark or to an orbital target, direction of a known star line-of-sight,
ete.

Microwave radar is important as a navigation sensor. Current and planned
use of altimeters and rendezvous sensors will be expanded to areas such as map
matching and active landmark tracking. Features which will improve radars of the
future include synthetic aperature, phased arrays, advanced data processing tech-

niques and increased efficiency. Incorporation of these features into a highly
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TABLE 3-6
OPTICAL NAVIGATION

SENSORS

ITEM

FLIGHT TESTS
CONDUCTED
OR PLANNED (P)

SUGGESTED
ORBITAL TESTS

ADDITIONAL REMARKS

Manual
Sextant

Avutomatic
Sextant

Laser
Ranging

Infra-red
Target
Trackers

Optical
Trackers

Apollo(P),
Gemini(P)

None known

None known

None known

Gemini(P),
Apollo(P)

® Evaluate the requirement for
manval dexterity

® Measure accuracy of an auto-
matic sextant

® Determine accuracy of a
laser range and range rate
system

® Evaluate accuracy and per-
formance of an IR satellite
tracker

® Evaluate the requirement for
manual dexterity

@ Performance of man as well as instrument
needs orbital evaluation

® Star tracking principles being evaluated in
OAO

® Complex systems test evaluating stor track-
ing, landmark tracking or horizon sensors,
etc.

® Orbit tests needed to eliminate atmospheric
effects of attenuation, scattering and ray
bending

® Requires target vehicle

® Additional information is needed on IR
characteristics of possible satellite targets

® Orbit tests needed to eliminate effects of
atmospheric attenuation, scattering and ray
bending

® Performance of man as well as instrument
needs orbital evaluation

accurate, all electronic search and tracking radar, lends itself as a versatile

orbital guidance and navigation tool.

3.5 Advanced Concepts - Orbital testing may be required in the development

of advanced concepts such as those shown in Table 3-8 to:

a.

b.

Lk

Prove the feasibility of the concept.

Aid in solving specific problem areas whose solution is dependent on the

orbiting environment.




TABLE 3-7

MICROWAVE NAVIGATION SENSORS

ITEM

FLIGHT TESTS
CONDUCTED
OR PLANNED (P)

SUGGESTED
ORBITAL TESTS

ADDITIONAL REMARKS

Altimeter

Pulse
Ranging
Radar

Landmark
Tracking
(Pulse and
Doppler)

Doppler
Radar

Map Match-
ing
(Altitude
and
Pattern)

Saturn, LEM(P)

Gemini(P)

High altitude
aircraft(P)

Apollo-LEM(P)

Aircraft,
Missile(P)

® Determine accuracy based on
ground track reference

® Determine performance with
non-cooperative targets us-
ing advanced concepts

® Determine accuracy and
system performance

® Same as ranging radar

® Obtain data on earth alti-
tude and unique patterns to
form master reference for
mappers

® Previous and planned use limited to low
altitude

® Orbital radar altimeter problems include
power requirements and data processing

® Testing with non-cooperative targets may
require advanced concepts in such areas
as antennas, data processing and modula-
tion techniques

® Aircraft testing is adequate for present de-
velopment; ultimately needs testing in orbit

® Same as ranging radar
® Provides accurate velocity
® Used for rendezvous

® Basic development can be carried out in
aircraft and missiles

c. Provide proof test results on the operating performance.

3.6 Environment and Life Tests - Typically, the development phase of a new

aerospace device is followed by a qualification test and operating life tests in

a simulated environment to provide the capability of the device. The major dis-

crepancy in these tests is the impossibility to simulate any one environmental

condition precisely or all the environmental conditions simultaneously. Six areas
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TABLE 3-8

ADVANCED CONCEPTS

POTENTIAL SUGGESTED
ITEM 1 APPLICATION | ORBITAL EXPERIMENTS ADDITIONAL REMARKS
Electro- | Long term attitude] ® Drift rate performance ® Drift rate performance of gyro cannot be
static references for ® Dual suspension voltage evaluated on the ground because of gravity
Gyro control and tests for launch and orbit induced torques
navigation ® Spin up in orbit ® Spin up in orbit is evaluated and compared
to the dual suspension voltage system as
an alternate technique
Cryogenic | All cryogenic ® Drift rate performance ® Many of components of an all cryogenic
Gyro inertial guidance |® Remote start-up guidance and navigation system are not yet
and automatic under development
navigation ® Strapped down cryogenic gyro may be applic-
able to suggested tests
® Further investigation of cooling and pick-
off problems required
Low-g Gravity gradient |® Measure bias error or zero ® Presence of gravity field and seismic noise
Accelero- |sensor and low offset, scale factor, and make ground testing impossible
meter thrust monitor threshold
® Spacecraft drag and vibra-
tion
Gravity Local vertical ® Determine the performance ® Gravity gradient and space disturbances
Gradient |[sensor for con- of sensors in defining the cannot be simulated on the ground
Sensors trol and naviga- direction of the gravity ® More investigation required to establish
tion gradient complete feasibility
Microwave |Local vertical @ Obtain scientific data on ® High altitude aircraft can obtain data for
Horizon sensor for con- the characteristic of the early development
Sensor trol and naviga- earth’s Oy layer @ Ultimately need flight tests at orbital alti-
tion tude if promising
Passive Navigation aid ® Obtain scientific data on ® Same as Horizon Sensor (Microwave)
Landmark [to obtain precise the characteristics of var-
Tracking |position ious types of earth land-
(IR & marks
Microwave)
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which have special significance in environmental and life testing are summarized
in Table 3-9.

Proof testing at the subsystem level is considered worthwhile; however, test-
ing of complete system such as an autonomous navigation system, attitude control
system, rendezvous system or solar power orientation system should be preceded by
eritical component level testing. It is difficult to define useful orbital en-
vironmental or life tests on & system whose design is closely related to the
mission and vehicle configuration.

3.7 Special Vehicles ~ Orbital testing of some guidance amd control devices

requires the use of vehicles having special design characteristics. Conversely,
the experiment design is strongly influenced by the test vehicle configuration.
Candidate experiments using natural forces for vehicle control generally require
special vehicle shapes and control configurations. Gravity gradient oriented
vehicles and hypersonic glide re-entry vehicles have these special requirements.
Table 3-10 summarizes candidate tests for these two special vehicle areas.
Gravity gradient oriented vehicles require a special inertia configuration
in which the axis of least inertia is the earth pointing axis. Since the desired
inertia configuration is impractical during boost and staging, a variable geometry
vehicle is employed. Inertia changes are accomplished in orbit by extending a
boom along the earth pointing axis to obtain the desired inertia configuration.
Libration damping is accomplished passively by interactions with auxilliary
bodies, spring-mass combinations, and hysteresis losses, or actively by control
gyros, reaction jets, and inertia wheels. The variable geometry requirement
restricts the families of satellites available for orbital test. However, it has
been suggested that a piggyback experiment is practical by affixing a strap-on

package containing an extensible boom and damper to the selected vehicle. The
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TABLE 3-9

ENVIRONMENT AND LIFE TESTS

ORBITAL TESTS
ITEM | CONDUCTED SUGGESTED REMARKS
OR PLANNED ORBITAL TESTS
L ubrication |OAO(P), 0SO, ® Evaluate various lubricants |@ Extent of lubricant tests on ARENTS pro-
0GO, EGO(P), and lubricating techniques gram unknown
POGO(P), for lubricating ability and
ARENTS(P), lifetime
Nimbus, Tiros,
Gemini(P),
MOL(P), etc.
Bearing OAO(P), 0SO, ® Evaluate bearing life under |® Extensive ground tests in vacuum chambers
Life OGO, EGO(P), various load and speed con- have indicated good results should be ob-
POGO(P), ditions with different lubri- tainable with proper selection of lubricants
ARENTS(P), cants ® Majority of planned and conducted tests
Nimbus, Tiros, |® Verify results of ground will obtain verification of ground designs
Gemini(P), test programs by successful operation of equipment
MOL (P), etc.
Gas None known ® Determine the stability of ® Hydrostatic and hydrodynamic bearings
Bearings hydrodynamic gas bearings have been used on ballistic vehicles.
(hydro- in an unloaded (near zero-g)
dynamic) condition
Optical OAO(P), OGO, ® Evaluate effect of hard @ Extensive application
Windows, [Nimbus, Tiros, vacuum on optical materials |® Quantitative effect of environment needed
Lens, Apollo(P), ® Evaluate effect of radiation
Mirrors MOL(P), etc. on optical materials
® Determine sublimation rate
of mirrored surfaces
@ Determine extent and effect
of micro-meteoroid impact to
optical surfaces
® Determine magnitude of par-
ticle accumulation and ma-
terial redepositing on optical
surfaces
® Determine effect of solar
radiation on distortion or
warping of large optical sur-
faces (mirrors, windows).
® Determine effect of orbital
conditions (temperature,
vacuum, near zero-g, etc.) on
flatness
Radiation [All orbiting @ Determine the long term ef- | ® Quantitative effects require evaluation
Effects vehicles fect on electronic assemblies
and components of radiation
present in the orbital envi-
ronment
Space MOL(P), ® Determine effect of space ® Stored denotes a standby condition with
Storage Apollo(P), environment on stored elec- power off which will be followed by usage
Mariner, tronic equipment
Surveyor(P)
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TABLE 3-10
SPECIAL VEHICLES

FLIGHT TESTS SUGGESTED
ITEM CONDUCTED ORBITAL TESTS REMARK S

OR PLANNED
Gravity | Discoverer, ® Evaluction of a strap-on extensible | ® Initial evaluation may require
Gradient | Transit, boom and damper for vehicles a special vehicle

TRAAC, ATS(P)

Lifting X=15, Asset ® Evaluate densitometers, TRFCS, ® Applicable to vehicles such
Re.entry guidonce and adaptive control as NASA M-2 and HL-10
systems. energy management
technique s

choice of vehicle would be limited by field of view requirements, vehicle geometry
and possible interference with other planned experiments.

In the re-entry environment, hypersonic glide vehicles are required for
evaluation of air data and temperature rate control devices, such as densitometers
and thermocouples. The laser, X-ray and radioisotope densitometers under consid-
eration are designed to penetrate the plasma sheath and measure free stream air
density for use in the vehicle flight data computer and autopilot. When properly
used, densitometers provide data to determine Mach number, density, altitude,
surface heating, angle-of-attack and sideslip angle. Thermocouples imbedded along
the vehicle are used as temperature rate sensors in a Temperature Rate Flight
Control System (TRFCS). The sensed thermal environment and knowledge of vehicle
constraints are used to prevent excessive heating and load factor transients

during re-entry energy management.
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4. EXPERIMENT SELECTION PROCESS

4.1 General -~ An extensive list of suggested orbital tests was derived from

the survey of the literature, aerospace contractors and government agencies. In

order to eliminate unacceptable or gquestionable tests, a selection criteria had to

be formulated. Basically, consideration was given to the most needed mission func-

tions required of navigation, guidance, and control systems.

For the immediate future the following functional requirements were considered

to be applicable to a wide family of vehicles:

8.

i.

Precise short term and coarse long term local vertical/orbit plane
vehicle attitude sensing and control.

Precise, short-term stellar attitude determination.

Self-contained orbit determination.

Coarse solar-oriented control.

Rendezvous guidance.

Reliable, long-life, low power and weight, coarse attitude control.
Nutation damping and spin axis determination of spin stabilized vehicles.
Re-entry guidance and energy management for high L/D vehicles.

Long life and high reliability.

In reviewing the state-of-the-art devices related to these functions and in consid-

ering problems encountered in space vehicles, selection of experiments was based on

known problem or desired improvement areas such as the following:

8.

Horizon sensors offer the most proven concept for local vertical sensing.
Additional data is needed on the earth's signature characteristics for
design improvements.

Methods, less complex than gyrocompassing, are needed for coarse yaw atti-

tude determination.
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Improvement is needed in precise local vertical and orbit plane attitude
determination systems.

Gravity gradient stabilization and other passive techniques should be
considered for coarse control of long term missions. Gravity gradient
techniques should be extended to include medium to low altitude earth
orbits.

No precise self-contained orbit determination technique has been devel-
oped. Optical sensing and tracking techniques are considered to be
limiting this function.

Promising advanced concepts such as the electrostatic and cryogenic
gyros, low-g accelerometers, gravity gradlent sensors, star field de-
vices, and automatic landmark trackers should be evaluated because of
their potential value for both attitude and orbit determination functions.
Conventional instrument gyro use in space applications will continue;
however, techniques for improving life, reducing power consumption and
improving drift performance should be fully explored.

Reliability and life of high speed rotating equipment is a critical
factor for long duration missions. Gas bearings and electrostatic/
electromagnetic suspension techniques offer the most promising solutioms.
The ability to predict space performance of mass expulsion control
devices cannot be improved greatly by orbital test. Possible exceptions
include ion engines and other very low level thrusters.

A wide variety of rendezvous sensing and guidance techniques will be
evaluated in the Gemini and Apollo programs. However, advanced tech-
niques and background noise problems may provide areas for future orbital

tests.




k. A class of air data and temperature sensors appears promising as supple-
ments to inertial systems for the control, guidance and energy management
of high L/D re-entry vehicles.

1. Moving parts exposed to the space environment present a definite design
problem.

m. Radiations effects represent a potential envirommental problem area. In
some cases, unknown radiation effects have caused failures in semi-
conductor devices. Known environmental effects not considered (such as
dust particles in zero-g collecting on exposed bearings) have caused
operating problems and failures.

n. An extensive orbital test program would be required to obtain any signif-
icant statistical estimate of flight hardware reliability (life testing).

The process of selecting experiments based upon the above requirements went through

several iterations resulting in the selection of thirty experiments for further

definition (shown in Table 4-1).

4.2 Selection Criteria - The principal guidelines used in selecting the

thirty experiments were (a) the device or technique has a high potential useful-
ness, and (b) the orbital test could be performed at modest cost and complexity.
These guidelines were combined with the considerations discussed in Paragraph 3.1
(which were used in compiling the suggested experiment lists) to form the nucleus
of a selection criteria. The selection criteria were then used &s an aid in the
delineation of the thirty experiments into two groups based on conformance to the
criteria. The following criteria were applied to each device or technique to
establish a priority of experiments.

a. Test results for this device or technique are required in the near future.

If this device or technique is to be developed for use on space vehicles
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TABLE 4-1
SELECTED EXPERIMENTS

EXPERIMENT

ORBITAL TEST OBJECTIVE(S)

. Electrostatic Gyro

. Low-G Accelerometer

. Gravity Gradient Sen sor
. Earth Horizon Definition

WA =

. Horizon Sen sor Accuracy
. Gus Beaing Performance
. Star Chaacteristics

NON O

8. Gravity Gradient Controls-
Passive Damping
9. lon Attitude Sensing

10. Gyrocompassing

11. High Reliobility Horizon
Sensor
12. Star Recognition

13. Small Impulse Devices
14. Optical Windows and Mirrors

15. Bearings ond Lubricants
16. Planet-Moon Vertical Sensor

17. Gravity Gradient Controls-
Active Damping

18. Automatic Landmak
Tracking

19. Microwave Radiometric
Local Vertical Sensor

20. Cryogenic Gyro

21. Temperature Rate Flight
Control System

22. Densitometers

23. Rendezvous Sensors

24. Fluid Systems

25. V/H Sensing

26. Control Logic

27. Reaction Jets

28. Extravehicular Controls

29. Passive Control Techniques

30. Space Environmental
Tests

Determine drift and suspension system performance.

Measure bias error or zero offset, scale factor and threshold.

Evaluate performance and obtain design data.

Determine energy level and stability of horizon in IR and UV spectrum
with particular emphasis on 14 — 16 micron IR energy band.

Evaluate accuracy of a 14 ~ 16 micron IR sensor.

Determine performance of self-generating gas bearings.

Determine spectral energy and noise background of guide stars used for
stellar navigation systems.

Evaluate satellite 3-axis control performance and obtain design using
passive orientation and damping techniques at low altitude (300 n.m.)

Obtain design data and determine accuracy ot ion sensing technique tor ob-
taining yaw information.

Evaluate performance using an inertial quality gyro platform or strapdown
system.

Evaluate performance of new design concept and low accuracy (1-5°)

horizon sensor, .
Determine star field device capability for automatically identifying guide

stars.

Determine ignition characteristics and average impulse size.

Evaluate surface degradation caused by meteorite damage, radiation
deterioration, etc.

Evaluate high speed bearing life and lubricant feed in zero-g and vacuum.

Evaluate design concept and accuracy of a multi-function device by sens-
ing earth.

Evaluate active or semi-active damping of a gravity gradient oriented
satellite at low altitude.

Collect target signature data on selected earth features, demonstrate that
passive optical tracker can acquire and track unknown landmarks and
evaluate tracking accuracy.

Evaluate feasibility, obtain design data, ultimately determine accuracy.

Determine drift rate and evaluate system performance.
Evaluate temperature rate control during re-entry of a high L/D vehicle.

Evaluate use of laser, radio isotope, or X-ray densitometers to measure air
data parameters in a high L/D re-entry vehicle.

Determine background noise effects and evaluate advanced sensing
techniques.

Evaluate performance of fluid pumping techniques.

Evaluate tracking performance.

Evaluate control performance and fuel usage rate.

Demonstrate operation and performance.

Obtain design data and evaluate operation of a tethered payload system.

Obtain design data and evaluate performance of solar and aerodynamic
control techniques.

Verify adequacy of ground tests; demonstrate operation of devices
sensitive to zero-g, radiation or multiple environmental effects.
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in the near future, immediate testing under actual or accurately simulated
space enviromment is required.

Orbital testing of this device is required because of inadequate ground

simulation of the space environment or an unfavorable ground simulation-

to-orbital test cost ratio. Ground simulation may not adequately dupli-

cate real space for a sufficient period of time. In certain situations,
such as the simulation of combinations of several environmental effects,
ground testing may be economically impractical.

An orbital experiment can be designed which will yield useful results.

The performance of an experiment with the candidate device or technique
would not require the use of procedures, concepts, devices, and/or tech-~
niques which are beyond the state-of-the-art.

Experimental data will help resolve a critical area. A critical area of

uncertainty exists in the development or utilization of the device or
technique. Therefore experimental date is required to advance the
state-of-the-art.

The information is either limited or not being obtained on another

program. The information required to develop and/or utilize the device

or technique is not being obtained with sufficient accuracy or in enough
detail to resolve the critical problems. In certain instances modifica-
tion of planned experiments or deviation in the flight plan of others
would allow the needed data to be obtained. However, in lieu of such
modifications and/or deviations, additional experiments must be performed.

The cost, complexity, and reliability of the experiment are compatible

with the need for data. The experiment is required to obtain data to

develop, utilize or advance the state-of-the-art of & device or tech-

nique. Therefore the increased cost and complexity of an orbital test
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is Jjustified. The reliability will be sufficiently high so that the
experiment will yield useful results.

L.3 Application of Selection Criteria - Each of the thirty experiments was

subjected to the selection criteria as shown in Table 4-2 and the experiments were
then categorized into primary and secondary groups depending on how well they sat-
isfied the criteria. The primary experiment group, numbers 1 through 15, was
further subdivided by applying the following sorting criteria:

8. Orbital testing of this device or technique is required because of

inadequate simulation of the space environment.

b. The required information is not being obtained on another program.

c. Confidence in the orbital performance data is increased by a factor

greater than four over previous test data (either ground or orbit tests).

d. The tests are "technology" rather than "Project” oriented.

e. The device or concept will be sufficiently developed for orbital flight

tests in the 1966-1970 time span.
If the reply to all of the statements was positive for an experiment, the experi-
ment was given top priority and placed in Category A. 1In general, the Category A
experiments have a high potential for future applications; ground laboratory simu-
lation is inadequate, and similar tests are not being performed on other programs.

Experiments which did not satisfy all of the second criteria were placed in
Category B. No priority of experiments was given within a Category.

Category C, the secondary experiments from Table 4-1, was reserved for those
experiments which were considered worthwhile for further study but which were not
to be fully explored on this program. The majority of these experiments require
more ground development testing to further validate the need for orbital tests

while some are strongly dependent on total vehicle design.
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The final result was the selection of seven top priority experiments in Cat-
egory A, eight priority experiments in Category B, and fifteen secondary experiments
in Category C. The breakdown from Table L-1 is:

Category A: Experiments 1 through 7

Category B: Experiments 8 through 15

Category C: Experiments 16 through 30.
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5. SELECTED EXPERIMENTS

5.1 General. - This section presents & summary of the orbital testing con-
sidered for each of the thirty experiments selected and categorized in Section k.
In general, more than one orbital test is required to fully evaluate a particular
device or concept, although the experiment title may seem to imply that a single
orbital test will suffice. Such diverse applications as bearings and lubricants
or passive controls may require five or more orbital tests. Volume II contains a
detailed technical description of each Category A and B Experiment and a dis-
cussion of suggested tests for the Category C Experiments. Design data and
design verification data are obtained on the majority of the Category A and B
Experiments as shown by Table S5-1. No attempt has been made to place priority
on experiments in a given category.

5.2 Category A Experiments. - The following paragraphs summarize the

Category A Experiments. A detailed technical description for each experiment is

contained in Section 2 of Volume II.

Electrostatic Gyro - The suggested Electrostatic Gyro orbital tests are in-

tended to demonstrate the projected high accuracy in a space environment and to in-
vestigate the operational problems associated with using the gyro in a space vehicle.
Drift rates considerably less than 0.0l degrees per hour are expected. This device
has high potential as a long term attitude reference for both control and as

part of a navigation system. Drift performence cannot be evaluated by ground

tests because of the gravity induced torques. A body mounted two degree-of-freedom
electrostatic gyro is used in the proposed experiment. One week drift tests are
conducted at medium and low levels of suspension. In addition, remote start and
de-spin characteristics are determined. A more complete test program would

include a second flight using two gyros for 3 axis information in & strapdown
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TABLE 5-1
TYPE OF EXPERIMENTAL TEST DATA

EXPERIMENTS SCIENTIFIC |DESIGN VER[l)EI-’EIS(:li':ION TPEE%ONFG TEIE_SI"!:'FNG

CATEGORY A
1. Electrostatic Gyro X X
2. Low-G Accelerometer X X
3. Gravity Gradient Sensors X X
4, Earth Horizon Definition X X
5. Horizon Sensor Accuracy X
6. Gas Bearing Performance X X
7. Star Characteristics X X
CATEGORY B
1. Gravity Gradient Controls- X X

Passive Damping
2. lon Attitude Sensing X X X
3. Gyrocompassing X X
4. High Reliability Horizon Sensor X X
5. Star Recognition X X
6. Small Impulse Devices X X X
7. Optical Windows and Mirrors X X X
8. Bearings and Lubricants X X X X
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configuration and a third flight using two gyros and a star tracker on a gimballed
platform. The latter two experiments would use a suspension system found to be
near optimum from the first test.

Low-G Accelerometer - The major objective of this test is to measure the

important performance parameters of a low-g accelerometer. In addition, vehicle
drag and vibration may be obtained from this test. Accelerometer parameters to

be measured include bias error or zero offset, scale factor and threshold. The
accelerometer considered for this test has a capability of measuring accelerations
from 10"1+ g to 10-10 g. This device has potential use in gravity gradient sen-
sors, low-thrust control systems, station keeping and navigation for long term in-
terplanetary missions. It cannot be ground tested because of the presence of the
gravity field and seismic disturbances. The accelerometer used in the experiment
employs an electrostatically suspended proof mass. However, the measurement tech-
niques are applicable to most accelerometers in the 10'” to 10-10 g range. Vehicle
produced acceleration forces are the largest error producing sources in the experi-
ment. Data analysis will provide information on these effects, and also on the
feasibility of employing low-g accelerometer concepts, means of eliminating noise
(filtering), evaluation of demping and isolation characteristics of different
materials.

Gravity Gradient Semnsor - Gravity gradient semsor orbital tests are

intended to (1) demonstrate the accuracy of the device in a space environment,

(2) measure error producing sources to facilitate ground testing, and (3) obtain
design data. The gravity gradient sensor is applicable for use as & precision
local vertical reference for navigation and attitude control. Space environment
disturbance sources and relative field strength cannot be simulated on ground. No
gravity gradient sensors have been flown. Potential accuracy is great if the

instrument cen be designed to sense the small forces and if vehicle effects can be
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eliminated. The gravity gradient sensor for the experiment consicts of a low-g
accelerometer mounted on a rotating wheel. The wheel is rotated in the orbit
plane and the accelerometer senses the tangential component of acceleration on the
rotating wheel. The output waveform is a sine wave whose phase determines the
direction of local vertical in the orbit plane. The method of using a rotating
wheel eliminates the effects of most error producing sources. Follow-on testing
could expand the system to a two axis sensor, and could attempt to improve system
accuracy through knowledge acquired in the first test. Various types of acceler-

ometers could also be evaluated in succeeding tests.

Earth Horizon Definition - The objective of this experiment is to measure

the earth-gpace gradient characteristics with precision instrumentation. The
information derived is to be utilized in establishing the ultimate accuracy of an
optimized horizon sensor. Basic scientific data is needed to intelligently design
a horizon scanner. If the stability of the earth's IR gradient is found to be
insufficiently stable to design an accurate horizon scanner, development efforts
on this approach should be discontinued. TIROS, NIMBUS, Project Scanner and

other programs are obtaining data, but the data is either of insufficient duration
or accuracy to supply the needs. Statistical data 1s required on the earth IR
gradient slope, magnitude and variations in order to evolve an improved design
and to establish the ultimate accuracy of a horizon sensor. Several precision
horizon sensor units are being or have been designed and developed. Improved
units and performances are needed. Precision data on the IR characteristics is
needed in order to accomplish the improvement. Although a wide variety of

sensor types exist, essentially all of the horizon sensors use the IR gradient.
The proposed experiment employs radiometers to measure the earth's radiation in

the 14 to 16 micron, the 20-35 micron and the 2000 to 4500 angstrom bands.

Data to determine long term stability of the gradient is provided. A
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precision attitude reference is required for the experiment. Additional flights
may be required to measure the gradient in more selected bands, and to obtain
additional data for design of earth IR simulators.

Horizon Sensor Accuracy - The objective of this experiment is to measure

the inflight accuracy of & horizon sensor system using a star tracker

gystem as reference. The star tracker system will yield data frrm which a pre-
cision measure of the spacecraft attitude can be obtained. This data, when com-
pared to the horizon sensor outputs, will provide a precision evaluation of the
horizon sensor performance in establishing local vertical. ILaboratory testing
does not provide sufficient information on performance of horizon sensors in the
presence of IR gradient anomelies. There is insufficient knowledge on the types
and extent of the IR anomalies to design ground test equipment which would pro-
vide the needed evaluation. Precision horizon sensors have been flown on several
programs and performence has not met the expectations. The test results are
qualitative rather than gquantitative due to leck of a precision reference against
which the unit can be checked. A large number of programs require precision
horizon sensors - MOL, MORL, OGO, Gemini and others. Development of improved
units cannot proceed much further without definite precision measurements on
existing units and without obtaining more information on the earth IR gradient
characteristics. Although several different types of horizon sensing techniques
exist, proper instrumentation of the recommended system for this experiment will
provide information useful to the design of other systems. Experiments should be
repeated until the best energy bands are found. Then the optimized system should
be flown to measure optimum system accuracy and compared to the accuracy pre-
dicted by test on an earth IR simulator.

Gas Bearing Performance - The objective of this experiment is to measure

the stability characteristics of a gas-bearing wheel in a zero-g environment.
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Bearing reliability is a major problem in many space programs. Development of the
air-bearing is considered a prime solution for many applications. The stability

of an unloaded (zero-g) bearing in all axes is questionable. A relatively simple
orbital test can be designed which will resolve this unknown. Three different air
bearing configurations, demonstrated to be stable in lab tests, are evaluated in

the initial orbital test. Problem areas will dictate future tests or if one design
should be concentrated upon. Success of this test will be of direct benefit to
gyro designs and other high speed bearing applications.

Star Characteristics - The objective of this experiment is to measure the

broad band spectral characteristics of a few of the major navigation stars. - The
measurements are in the 3000 Angstrom to TOOO Angstrom spectral band used princi-
pally by automatic star trackers and star mappers. The data obtained is to be
modified to yield Color Corrected Magnitudes (CCM) of the stars for use with
various types of photomultiplier and vidicon detectors as well as for correlation
with presently available ground measurements. Tests from Astronomical Observatories
and lab facilities have provided data on typical guide stars to an accuracy of

+ 0.2 star magnitudes in the visible spectral bands. Data accuracy in the UV
spectral band is approximately + 1.0 star magnitude or more. Data is extrapolated
to take into account atmospheric attenuation. OAO will cobtain information outside
the atmosphere but not in the desired spectral bands and not necessarily of the
desired stars. A large number of measuring techniques could be used. One specific
method as applied to the engineering development of star trackers/star mappers is
described in the experiment description. The experiment provides data on the
intensity of guide stars in the visible light spectrum used by present day star
trackers. An important goal of the experiment is to determine the predictability

of atmospheric attenuation and its effect on background noise limit for ground

test. Only one flight is planned.
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5.3 Category B Experiments - The following paragraphs summarize the Class B

experiments. Detailed descriptions of these experiments are contained in Section
3 of Volume II.

Gravity Gradient Controls - Passive Damping -~ The obj=ctive of this experi-

ment is to determine the accuracy with which a satellite in a low altitude earth
orbit may be aligned in three axes by an extermanl torque due to the gradient of
the gravitational field using only passive techniques. Vehicle configuration
constraints will probably require that an extensible boom and damper be affixed
to the vehicle as a strap-on package. Since information on passive gravity gradient
stabilization is being obtained on other programs (ATS, Discoverer, Transit,
Comsat, etc.), and since there are a variety of approaches, some of which have
already been demonstrated, a comprehensive study is needed to determine the
optimum configuration. The Ames approach 1s considered becsuse it saves weight,
is less complex, and should result in higher accuracy and faster damping than
other methods. A series of tests exploring the effects of orbital eccentricity,
boom and damper configuration variations, and different vehicle shapes should
be run to determine the ultimate capability of the passive approach. Potential
epplications for long life, earth orbiting vehicles are great.

Jon Attitude Sensing - The primary purpose of the experiment is to demon-

strate the feasibility of determining vehicle yaw attitude for near earth orbital
vehicles by ion sensing techniques. It is further desired to obtain a measure of
the yaw attitude sensing accuracy. Finally, it is desired to instrument the experi-
ment to obtain a partisl evaluation of the effects of vehicle-lonosphere inter-
action on ion attitude sensing. Ion sensing offers an attractive method for
obtaining coarse pitch and yaw attitude information. Flights on Aerobee rockets
have verified that enough ions are present in the near earth region to provide

sensing information. An ion attitude experiment is planned on one of the Gemini
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flights. Additional testing is needed to determine feasibility and to provide
data for sensor design. Initial testing will evaluate the single axis device
with a gyrocompass as the master measurement reference. Further tests could
include effects of gas expulsion on system accuracy and the test expanded to in-
clude a two-axis pitch and yaw sensor.

Gyrocompassing - The purpose of this experiment is to evaluate the accuracy

of a precision gyrocompass which in turn may be used as a master reference for
evaluating various other yaw sensing techniques such as body-mounted gyrocompasses,
ion sensing, V/H sensing, etc. Furthermore, this experiment will evaluate the
feasibility of using a gyrocompass for an autonomous navigation attitude reference.
Gyrocompassing to determine vehicle yaw is a proven orbital technique. Programs
which have used (or will use) some form of gyrocompass include Discoverer,

Mercury, Nimbus, 0GO, and Gemini. Of these programs, only Nimbus has reportedly
included an attitude reference for qualitatively evaluating the gyrocompessing
accuracy. Gyrocompass accuracy is a function of horizon sensor performance, gyro
drift, and attitude control system operation. Additional precision gyrocompess
experiments are needed with precise horizon sensor and gyro instrumentation and
with a master reference for evaluating gyrocompass performsnce. The proposed ap-
proach using a two gimballed platform can be evaluated in one flight using either a
star tracker or sun sensor as the master attitude reference. Other approaches
could be examined in succeeding flights. If precision on the order of 0.1° is
attained the gyrocompass could be used as a master attitude reference.

High Reliability Horizon Sensor - The objective of this experiment is to

measure the inflight performance capability of high reliability horizon sensors.

In particular this experiment is applicable to sensors with & null requirement of
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1l to 5 degrees. Leboratory tests will provide an adequate test of the horizon
sensor without the effects of enomalies. A flight test is required to evaluate
the effect of atmospheric anomalies. Units have been and are being flown and
data and performance obtained. In general the data obtained is not referenced
against e precision reference, therefore the data is qualitative rather than
quantitative. Flight evaluation of the most promising desien concepts will be
undertaken to establish if the sensor head will track amd to evaluate its accuracy
by using a precision horizon sensor.

Star Recognition - The object of this experiment is to evaluate the inflight

capability of a star mapper system to automatically provide vehicle attitude
information. laboratory tests can be performed to establish the ultimate accuracy
of star trackers and star mappers. Simulators can be built which provide relative-
ly accurate star color and magnitude simulation. Stellar background light effects,
exact solar radiation effects, and the effect of star clusters is not so easy to
simulate. Flight test is required to providethe final evaluation of performance
in recognizing a star (or sters) and providing the necessary attitude reference
signals. In the experiment the selected star mapper system is placed into orbit
on a vehicle using a star tracker system as & master reference. The transmitted

data is evaluated to determine the capability of the star mapper to recognize star

patterns, and to discriminate between stars and the accuracy of measurement. Very
few star mappers are beyond the conceptual stages and none are to a hardware stage
(other than breadboard). A development program of 3 or 4 flights for each type of
sensor will be needed. In order, the flights will determine: (1) effectiveness

of sensing technique, (2) effect of modifications and resulting accuracy,
(3) final accuracy of complete system and computer.
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Small Impulse Devices - The objective of this experiment is to determine

the characteristics of small impulse thrusters when operated in a space environ-
ment. These thrusters are the result of design efforts to minimize on-off system
limit cycles by providing small impulse characteristics. These devices will be
used (1) as attitude control torques for small, long-term satellites whose orbits
may not permit the use of passive control techniques, (2) as demping devices for
pasgsive control techniques, and (3) as vernier controls for large satellites re-
quiring small limit cycles. The test requires a separate experimental package for
each thruster design.

Optical Windows and Mirrors - The objective of this experiment is to quanti-

tatively measure the optical degradation which occurs in windows and first surface
mirrors which are exposed to the space environment for long periods of time.

Proper performence of sealed optical systems requires high quality windows whose
characteristics are fixed. The need for such windows is immediate. However,
because some information is being gathered on other programs and some qualitative
data can be gathered in the lab, this experiment is placed in Category B. The
experimental package for test has six windows and one mirror. These will be
exposed to the space environment and checked periodically for changes in trans-
missability and reflectivity characteristics. The test would be repeated to use
different materials or modifications of original materials.

Bearings and Lubricants - The objective of the experiment is to verify the

accuracy of ground test results in orbital flights. It is an important test area
because of wide use. 1In general, ground testing is believed adequate except for
the low-g and radiation effects. The bearings will operate continuously in two-
week cycles. Daily measurements of friction effects will be made. Possibly 10

to 20 experiments could be performed with variations in types of lubricants,
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sizes of bearings, and loads. Tests are simple, requiring low data handling
capability, and place minimum constraints on the payload. Experimental results are
important since accuracy and endurance of many guidance and control devices is
limited by bearings and lubricants.

5.4 Category C Experiments - Experiments selected for this grouping generally

include devices where: (1) the development status and mission requirements are
beyond the time scale of this study; (2) the performance and design of the device
is highly dependent on the vehicle configuration; (3) the concept is highly special-
ized; or (4) ground testing is sufficient to prove the concept, but orbital test is
required for operational verification of the device. A number of the suggested
experiments can become prime experiments as future mission requirements are better
defined or as other factors, listed in Table 5-2, which influence their secondary
designation are resolved. Section 4 of Volume II contains a discussion concerning
the device or technique and in most cases a general description of experiments

that should be considered. A brief summary of each is given below.

Planet - Moon Vertical Sensor - The objective of this experiment is to

evaluate the performance of an infrared lunar planet horizon sensor concept as
compared with a precision reference system such as a star tracker. The device
is needed to provide a local vertical reference when in the immediate vicinity
of Mars, Venus, or the Moon.

Gravity Gradient Controls - Active Damping - This experiment is designed

to determine the accuracy and libration demping capability of active control
mechanisms on a gravity gradient oriented satellite of non-optimum inertia
configuration. Certein mission requirements may define a need for gravity gradient

stabilization of vehicles whose inertie configurations cannot be favorably
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TABLE 5-2
CATEGORY C EXPERIMENTS -
FACTORS DETERMINING SECONDARY DESIGNATION

TECHNOLOGY
oo AREA AND GROUND
SCALE OF THE HIGHLY ASSOCIATED TESTING
STUDY — CON DEPENDENT PROBLEMS NEED | PROVES CON-
EXPERIMENTS SIDERABLE NOn. |  ON VEHICLE [ BETTER DEFINI- CEPT. ORBITAL
ORBITAL TEST- CONFIGURATION| TION BEFORE TEST FOR
REQUIRED FIRST ORBITAL TESTS | VERIFICATION
CAN BE DEFINED
1. Planet-Moon Vertical v
Sensor
2.Gravity Gradient Controls- Vv
Active Damping
3, Automatic Landmark Vv v
Tracking
4.Microwave Radiometric v Vv
Local Vertical Sensor
5. Cryogenic Gyro Vv Vv
6. Temperature Rate Flight v v
Control System
7.Densitometers v Vv
8 Rendezvous Sensors Vv Vv
9. Fluid Systems Vv Vv
10.V/H Sensing Vv Vv
11. Control Logic v v
12.Reaction Jets v
13. Extravehicular Control v v
14. Passive Control Techniques v Vv Vv
15.Space Environment Tests v
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augmented by extensible booms, etc. or whose missions require fast damping

to the earth orientation after infrequent pointing to other attitudes. Active
controls will then be required. Pulsed jets, reaction wheels and control gyros
will provide active control sources capable of precision vehicle alignment in the
presence of disturbance torques.

Automatic Landmark Tracking - The purpose of this experiment is to obtain

scientific date on the characteristics of various types of earth landmarks.
Development of the earth feature (passive) mode requires basic scientific data;
the development of the active mode (beacons/reflectors) can be evaluated from
high altitude aircraft. Flight tests at orbital altitudes will be required
ultimately to determine accuracy and system performance.

Microwave Radiometric Local Vertical Sensor - The objJject of this experiment

is to obtain scientific data on the characteristic of the earth's O, layer.
Orbital tests are required if rfeasibility of the approach can be shown to be
promising. Aircraft flight test can provide limited data for evaluation.

Cryogenic Gyro - This experiment is designed to evaluate the drift rate

performance and remote start up capability of a cryogenic gyro. This device has
high potential but equipment is not yet sufficiently developed to warrant a
detailed experiment description at this time.

Temperature Rate Flight Control System - The object of this experiment is to

determine if heating rate sensors (thermocouples) imbedded in a lifting hypersonic
re-entry vehicle can provide sufficient information to the vehicle autopilot for
control during re-entry, transition and equilibrium glide. The primary objective
of this system is to avoid thermsl and load factor constraints by flying a pre-
determined temperature rate boundary in the V/H plane. An experiment was
recently flown on ASSET. Application of this concept must await advances in

vehicle technology and a definition of mission requirements.
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Densitometers - This experiment is proposed to evaluate the use of densito-

meters to obtain air data measurements in the presence of a plasma barrier.
Mechanization problems are complex and for certain vehicles ablative products
contaminate free stream measurements. This experiment requires a lifting hyper-
sonic glide vehicle such as ASSET or the X-15 for test. Such a device would fill

a prime need for an air data sensor in the re-entry environment.

Rendezvous Sensors - Suggested experiments include background noise and

signal attenuation tests to determine the need for additional and advanced sensor
development tests. This is a useful test area but it is extremely broad and,
hence, it is difficult to define meaningful experiments. Gemini, Apcllo and the
space stations require rendezvous sensors and alternate experiments and techniques
are being studied for these programs. Additional study and some correlation of

test results from these programs are needed in order to define useful experiments.

Fluid Systems - The primary objective of this test is to examinpe the

effects of the space enviromment on certain areas of fluid technology. Foremost
will be the unique problems associated with the pumping of fluids in a zero-g field.
The results of these tests will be used to determine the applicable uses of fluids
in guidence and control of aserospace vehicles.

VZH Sensing - The object of this experiment is to obtain proof tests of the
device at orbital altitudes and velocities. Applications include image motion com-
pensation for photographic systems, navigation sensing and attitude reference
functions. Ground and airplane testing can provide useful data but orbital test-
ing is desirable since an optical system is viewing the earth through the atmosphere,

clouds, etc. Equipment development status and a firm application are not yet

sufficiently defined for orbital test.
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Control Logic - The purpose of the experiment is to verify the adequacy of

ground simulation for various control systems. Control of the vehicle by the
experiment is required for these tests. Devices of this type are generally tailor-
ed to the specific vehicle involved. Although ground testing can provide a large
percentage of the required data, the final proof test in an orbiting vehicle is
desirable.

Reaction Jets - Orbital test of reaction jJets is proposed to determine the

Jet thrusting characteristics in a vacuum environment and to provide a final proof
test of the system. Both cold gas and hot gas jets could be evaluated.

Extravehicular Control - The object of this experiment is to evaluate the

six-degree-of-freedom body dynamics and tether vibration modes of a tethered sensor
package or simulated astronaut in the space environment. The information which
would be obtained from this test would be valuable in planning further ground
tests and full-scale astronaut extravehicular tests to be conducted on Gemini and
Apollo flights.

Passive Control Techniques - This experiment would evaluate vehicle configur-

ations designed to use natural forces for passive control. The four major passive
control sources include gravity gradient, solar and serodynamic pressures, and
magnetic fields. Mariner IV contained a solar pressure experiment. Aero-
dynamic pressure control is vehicle dependent and is restricted to low orbital
altitudes. The magnetic field has been used for damping on gravity gradient
stabilization experiments. Useful experiments can be defined in each of these
areas, but require a specific vehicle configuration.

Space Environment Tests - The object of these tests is to verify ground test

results. Life tests are considered worthwhile in certain areas to increase con-
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fidence in the capability of new devices. Inherent confidence of a device can be
increased by these tests, but a large number of tests are required to obtain a
significent sample size and thereby obtain statistical reliability data. Diffi-

culty in determining the cause of failure detracts from the usefulness of the

tests.
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6. EXPERIMENT PAYLOAD CONSIDERATIONS

6.1 Summary - This section summarizes the Category A and B experiment require-
ments, presents multiple experiment groupings based on selected common require-
ments, and shows that, with further iteration, these multiple experiment groups
can be used to define preliminary mission and integrated payload design require-
ments. In addition, experiment implementation is discussed in terms of possible
approaches for conducting an orbital test program. The three approaches consid-
ered include single experiment piggyback, multiple experiments piggyback and mul-
tiple experiments on a special vehicle. The advantages of conducting experiments
on a manned vehlicle are briefly discussed.

6.2 Experiment Requirements - Tables 6-1 and 6-2 summarize the Category A

and B experiment requirements respectively. The data contained in these tables
was abstracted from the experiment technical descriptions in Volume IT which con-
tains additional discussion on the requirements. It should be made clear that
this data represents nominal requirements which were derived by assuming that each
experiment could be performed exactly as desired. In general, the highest quality
data will be obtained when the desired conditions are met; however, it is recog-
nized that practical considerations such as the carrier vehicle or multiple experi-
ment groupings will cause further trade-offs between experiment requirements, pay-
load design and mission operations. In many cases, there is only a minor effect
in test results due to changes in the experiment requirements. For example,
shorter test times than indicated in the tables would provide useful data; however,
longer test times are always desirable because the larger data sample would in-
crease confidence in the test results.

6.3 Multiple Experiment Groupings - The data in Tables 6-1 and 6-2 can be

used to define various experiment groups on the basis of common requirements. How-

ever, it is perhaps most instructive to group the experiments by orbit, orientation,

(P



master attitude reference and time duration so that broad mission and payload
design requirements can be defined. Tables 6-3, 6-4 and 6-5 illustrate groupings
by orbit and orientation, master attitude reference and test duration respective-
ly. In each table, the fifteen Category A and B experiments are divided into
three groups. For example, in Table 6-3, Group I assumes an orbit and orientation
which satisfies eight of the fifteen experiments; Group II satisfies four of the
fifteen; and Group III includes the remalning three experiments which are compati-
ble with Group I, Group II or other orbital and attitude conditions. Note that
all of the A and B experiments can be performed with the selected orbit and with a
payload orientation system capable of providing earth-orbit plane and inertial
alignments. Similar subdivisions are made in Tables 6-4 and 6-5 which consider
master attitude reference and test duration requirements, respectively. Additional
groupings based on other requirements are possible, although such groupings tend to
lead into the definition of the subsystem support requirements. However, prior to
defining such subsystem requirements, it is considered more desirable to use the
groupings in Tables 6-3, 6-I and 6-5 to further examine broad mission requirements.

By integrating across the groupings in the three tables, it is possible to
define a set of conditions which 1s near optimum in the sense that all of the ex-
periments can be conducted with the same payload. From the previous conclusion
regarding orbit and orientation requirements and further examination of the master
attitude reference and test duration tables, it is seen that the following condi-
tions will satisfy all of the experiments:

Orbit: 300 N.M. altitude, near circular, near polar

Orientation: Earth-orbit plane and inertial

Master Attitude Reference: Gimballed Star Tracker and Sun Sensor

Test Duration: Three to six months.

In the above conditions, it has been assumed that the sensors used for Horizon
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Sensor Accuracy and Gyrocompassing tests can later be used for master attitude
reference instrumentation. Further examination of the sub-system support require-
ments and payload design integration studies might show that such an "optimum"
payload is indeed "non-optimum” from the viewpoint of cost, design complexity and
ability to obtain useful test results. For example, consider the stabilization
sub-system requirements. From Tables 6-1 and 6-2, the Low-G Accelerometer and the

TABLE 6-3
ORBIT AND ORIENTATION GROUPINGS

GROUP |

Orbit: 300 nautical mile altitude, near circular, near polar.
Orientation: Earth — orbit plane.

Experiment Title Category
Low-g Accelerometer A
Gravity Gradient Sensor A
Earth Horizon Definition A
Horizon Sensor Accuracy A
Gravity Gradient Controls-
Passive Damping B
lon Attitude Sensing B
Gyrocompassing B
High Reliability Horizon Sensor B
Star Recognition* B
GROUP I

Orbit: 300 nautical mile altitude, near circular, near polar,

Orientation: Inertial
Electrostatic Gyro A
Star Characteristics A
Star Recognition* B
Optical Windows and Mirrors B

GROUP 11

Orbit and orientation not critical — can be performed with Group I, Il or other conditions.
Gas Bearing Performance A
Small Impulse Devices B
Bearings and Lubricants B

*An inertial orientation is preferred for initial test, but ultimately needs testing on an earth
oriented payload.
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TABLE 6-4
MASTER ATTITUDE REFERENCE GROUPINGS

GROUP | - Star Tracker or Sensor*

Experiment Title Category

Electrostatic Gyro
Gravity Gradient Sensor
Earth Horizon Definition
Horizon Sensor Accuracy
Star Characteristics
Gyrocompassing

Star Recognition

ow>>>>r>

GROUP 11l - Horizon Sensor and/or Gyrocompass*

Gravity Gradient Controls-
Passive Damping

lon Attitude Sensing

High Reliability Horizon Sensors

oo

GROUP 11l - None Required

Low-g Accelerometer

Gas Bearing Performance
Small Impulse Devices
Optical Windows and Mirrors
Bearings and Lubricants

oW >

*Sun tracker or sensor may be used as a supplement or, in some cases, as the prime reference.

Gravity Gradient Sensor tests have the most stringent rate (0.0005°/sec) and atti-
tude (0.1 deg) requirements. However, the majority of the remaining experiments
can be conducted with rate and attitude control on the order of O.l deg/sec and

1l or 2 degrees, respectively. Hence, it appears impractical to design a complex
(implies increased cost and decreased reliability) stabilization sub-system for
one or two experiments when a much simpler sub-system would satisfy the majority
of the experiments. A further example is provided by noting the column designated
Experiment Mounting in Table 6-1. Four of the seven Category A experiments desire
a location near the vehicle center of rotation to minimize the effects of vehicle

angular motion. The remaining three experiments require special mounting for an
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TABLE 6-5

TEST DURATION GROUPINGS

GROUP | - One Week or Less

Experiment Title Category

Gravity Gradient Sensor

Gas Bearing Performance

Gravity Gradient Controls-
Passive Damping

lon Attitude Sensing

Gyrocompassing

Star Recognition

Small Impulse Devices

> >

oo wm

GROUP |l - Greater Than One Week But Less Than One Month

Electrostatic Gyro
Low-g Accelerometer
Earth Horizon Definition
Horizon Sensor Accuracy

>r x>

GROUP 111 - Greater Than One Month

Star Characteristics

High Reliability Horizon Sensors
Optical Windows and Mirrors
Bearings and Lubricants

www>

unobstructed field of view to see the earth horizon or celestial sphere. When sim-
ilar mounting requirements from the Category B experiments are added to those
above, it becomes clear that practical payload design considerations do not permit
all of the desired mounting conditions to be met with a single vehicle.

At the other extreme, an approach worthy of consideration is one in which a
minimm set of conditions is used (implying minimum cost). One such approach
might select experiments which do not require orientation and master attitude ref-
erence systems. However, in examining Tables 6-3 and 6-4, it is seen that only
three experiments (Gas Bearing Performance, Small Impulse Devices, and Bearings

and Lubricants) fit these conditions. Thus, it appears that to accommodate a
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TABLE 6-6
INTEGRATED GROUPINGS - SELF CONTAINED PAYLOAD

GROUP | — Moderate Cost Payload
e Orbit: 110 nautical mile altitude, near circular, 30 degree inclination.
® Orientation: Earth-orbit plane.
® Master Attitude References: Horizon and Sun Sensors, Gyrocompass (40 1b., 1.2 Ft.3)

® Duration: One week

Experiments Lb. F1,3 Watt-Hr.
Low-G Accelerometer 36 1.2 300
Gas Bearing Performance 23 0.3 30
lon Attitude Sensing 24 0.4 3500
Gyrocompassing 2] 0.5 3600

Totals 104 2.4 7430

GROUP 1l — Near Optimum Performonce Payload
® Orbit: 250 nautical mile altitude, near circular, near polar.
® Orientation: Earth-orbit plane and inertial-orbit plane.
® Master Attitude Reference: Gimballed star tracker and Sun Sensor (50 Ib., 1.8 Ft.3)

® Duration: One to two months.

Experiments Lb. Ft.3 Watt-Hr.
Electrostatic Gyro 20 0.4 6800
Earth Horizon Definition 284 5.2 8450
Horizon Sensor Accuracy 54 0.7 4400
Star Characteristics 32 1.0 100
Gravity Gradient Controls-

Passive Damping 35 0.8 50
Star Recognition 35 0.8 500
Gyrocompassing 21 0.5 3600

Totals 481 9.4 23,900

reasonable number of experiments without excessive complexity, intermediate condi-
tions between the two extremes discussed above should be examined.

Two integrated groupings which use intermediate conditions are illustrated in
Table 6-6. Group I is similar to the minimum cost conditions and Group II is quite
similar to the optimum performance conditions. In both groups all possible A and B
experiments are not included. Rather, in Group I emphasis is placed on accommo-
dating experiments within the orbit and short duration restrictions and which re-

quire an earth-orbit plane orientation. In Group II, only those experiments which
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have definite master attitude reference but only moderate attitude control require-
ments are included. The table also shows preliminary weight, volume and watt-hour
estimates which may be used as broad indicators of payload integration ard elec-
trical power requirements. Further study regarding the supporting sub-system re-
quirements, possible carrier vehicles, and payload integration is necessary to de-
termine the practicality of implementing such multiple experiment groupings.

6.4 Implementation Studies - Various implementation approaches can be eval-

uated for conducting an orbital test program. Three approaches designated the
single experiment piggyback concept, multiple experiments piggyback concept and
multiple experiments special vehicle concept are discussed in the following para-
graphs.

6.4.1 Single Experiment-Piggyback - The use of the single experiment piggy-

back concept was a primary objective of this study program. The advantages of this
approach include simplicity and economy of testing, short development lead time
and experiment adaptability to several carrier vehicles. Table 6-7 illustrates
possible carrier vehicles which partially satisfy the gross requirements for orbit,
orientation, duration and master attitude reference for the majority of Category A
and B experiments. The experiments not shown in Table 6-7 either require a special
vehicle (Gravity Gradient Controls) or can be performed on a wide variety of ve-
hicles because they are not overly sensitive to the gross requirements used in the
table. The experiments which are included in this latter group include Gas Bear-
ing Performance, Small Impulse Devices, Optical Windows and Mirrors, and Bearings
and Lubricants.

It should be recognized that each experiment requires additional support from

the carrier vehicle subsystems. The effective use of the single experiment piggy-

back concept requires that the carrier vehicle supply the master attitude reference,
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TABLE 6-7
SINGLE EXPERIMENT PIGGYBACK CONCEPT - POSSIBLE CARRIER VEHICLES

CARRIER SATISFIES GROSS REQM'T FOR:

MASTER
EXPERIMENTS | POSSIBLE | gppgy1 [ ORIEN- | DURA- | A1T)TUDE REMARKS
CARRIERS TATION | TION | REFERENCE
Electrostatic Gyro OAO Yes Yes Yes Yes Critical item is watt-hour
AQSO Yes Yes Yes Yes requirement,
Low-G Nimbus Yes Yes Yes Not Stabilization is a major
Accelerometer 0GO Yes Yes Yes Required requirement.
Gemini Yes Yes Yes
Gravity Gradient Nimbus Yes Yes Yes No Stabilization and master
Sensor 0GO Yes Yes Yes No aottitude reference are
Gemini Yes Yes Yes No crucial items.
Earth Horizon Gemini No Yes Yes No Master attitude reference
Definition and Discoverer Yes Yes ? No is critical requirement.
Horizon Sensor Apollo No Yes Yes ? Manned vehicle may permit
Accuracy Nimbus Yes Yes Yes No experiment simplification.
0GO Yes Yes Yes No
Star Characteristics OAO Yes Yes Yes Yes Manned vehicle may permit
and Star Recognition A0SO Yes ? Yes ? experiment simplification.
lon Attitude Sensing Nimbus Yes Yes Yes Yes Master attitude reference
and Gyrocompassing Gemini No Yes Yes Yes for precision Gyrocompass
0GO Yes Yes Yes Yes not available on these
Discoverer Yes Yes Yes ? carriers.
High Reliability Nimbus Yes Yes Yes Yes A number of other carriers
Horizon Sensor 0GO Yes Yes Yes Yes are applicable.

power, data handling and storage, and telemetry functions.

If

these requirements

cannot be met, the advantages of the piggyback concept are greatly reduced by the

increased weight, volume and complexity of the experiment support equipment.

Due

to insufficient data, it was not possible to evaluate the carrier vehicle's capa-

bility to provide these supporting functions.

number of the vehicles cannot provide the master attitude reference function.

However, as seen in Table 6-7, a

The

worst case occurs when the experiment self-contained instrumentation and power sys-

tem cause the package to be too large and heavy to go piggyback on the desired

vehicle.
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6.4.2 Multiple Experiments - Piggyback - The second approach, multiple ex-

periments piggyback, has the advantage that experiments with common requirements
can share the same supporting subsystems such as a star tracker master reference,
electrical power, data handling, telemetry, etc. The major disadvantage is in in-
tegrating the experiment package with the carrier vehicle.

Candidate carrier vehicles for this approach include the Saturn IB and V,
Gemini, Apollo, and Discoverer. Once in orbit, the multiple experiment package
could remain with the carrier vehicle or it could be ejected and perform as a self-
contained unit. From the viewpoint of payload cost and complexity, the preferred
approach is to remain with the carrier vehicle since the vehicle stabilization and
possibly other supporting subsystems can be used. However, mission duration as
well as payload mounting and field-of-view requirements are sure to be compromised
for some of the experiments. For example, if the experiment payload is mounted in
the Saturn vehicle instrumentation compartment, present information implies a total
mission duration on the order of days and a stabilization duration on the order of
hours. Additionally, with this mounting on Saturn, it is difficult to conduct an
experiment which has field-of-view requirements. One approach for conducting ex-
periments on Saturn is to incorporate those experiments which are of short dura-
tion and which do not require orientation and attitude reference measurements.
Assuming this approach is used, candidate Category A and B experiments for Saturn
include Gas Bearing Performance and Small Impulse Devices. Other experiments
could be designed specifically for a Saturn payload.

6.4.3 Multiple Experiments - Special Vehicle - The third approach, multiple

experiments on & special vehicle, is quite similar to the second approach where the
multiple experiments piggyback payload is ejected from the carrier vehicle. The

major advantage in this approach is that the experiment payload designer does not
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operate within the constraints imposed by the carrier vehicle on a piggyback pay-
load, i.e., the designer can optimize the payload to satisfy the most desirable ex-
periment conditions. Of course, the significant disadvantage is the additional
cost for the launch vehicle. The multiple experiment groups illustrated in Table
6-6 are examples of experiments that might be conducted with the two approaches,
assuming a self-contained payload is used in each case. In this table, Group I is
compatible with the Saturn vehicle as a piggyback while Group II requires a special
launch vehicle such as Thor-Delta.

6.5 Manned Vehicle Advantages - A single or multiple experiments package

which remains with the manned vehicle (Gemini, Apollo, Space Station) is attractive
because of the chance to use man's unique capabilities in setting up the experiment.
Additionally, the test data can be recovered and, possibly, limited experiment
equipment such as optical windows, etc. might be returned. A number of the Cat-
egory A experiments are quite complex, especially those requiring precision star
tracking from an earth-oriented vehicle. 1In these experiments, the use of man's
ability to recognize star patterns and identify specific stars to point a star
tracker (or vehicle) would be a significant step toward simplifying the experiments.
Another significant contribution which man can make is in programming or sequencing
the experiment, thus simplifying the automatic programmer. Given appropriate dis-
plays, man can also re-program experiments or phases of an experiment when the data
obtained is questionable or is obviously in error. Finally, man's contribution as
a general observer can be of significant value for most of the experiments. For
example, he can examine optical surfaces and other equipment and also report on
time to acquire, cloud conditions, vehicle angular motion, etc. Additional study
regarding the advantages and disadvantages of man is needed prior to recommending

that specific experiments be performed on a manned vehicle.
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